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ABSTRACT
The molecula r  mot ions  are  s tu d i e d  i n  two d i s o r d e r e d  m a t e r i a l s  
t h a t  undergo g l a s s  t r a n s i t i o n s .  G lyce ro l  i s  a c o n v en t io n a l  g l a s s  former 
and cyc lohexanol  i s  an o r i e n t a t i o n a l  g l a s s  former .
The techn ique  used i n  the  g ly c e ro l  exper iments  was s p e c t r a l  
h o le  b u rn in g .  Chemical s h i f t  a n i s o t r o p y  produces inhomogeneous broaden­
ing of NMR l i n e s  in  o r i e n t a t i o n a l l y  d i s o r d e r e d  and p o l y c r y s t a l l i n e  s o l ­
i d s .  By s a t u r a t i n g  or i n v e r t i n g  a p o r t i o n  o f  the  a n i s o t r o p i c  l i n e ,  
'b u rn in g  a h o l e , ' molecule s  of c e r t a i n  o r i e n t a t i o n s  a re  tagged.  Subse­
quent  m o lecu la r  r e o r i e n t a t i o n s  r e s u l t  i n  s p e c t r a l  d i f f u s i o n  which i s  not 
r e l a t e d  to  s p i n - s p i n  i n t e r a c t i o n s .  By measuring the broadening  and r e ­
covery  of the ho le  as a f u n c t i o n  of  t ime,  d e t a i l e d  knowledge of the reo ­
r i e n t a t i o n  i s  o b ta in e d .  For  example,  the mean jump r a t e  and the lower
l i m i t  of angu la r  r e o r i e n t a t i o n s  a re  de termined .  The r e o r i e n t a t i o n  r a t e—2 —1 2 —1i n  supercoo led  g ly c e r o l  i s  fo l lowed from 10 s to  10 s Our measure­
ments agreed w i th  p re v io u s  r e s u l t s  and extended them to  lower frequen­
c i e s .  The mean jump s i z e  was de termined  to be g r e a t e r  than  45 deg rees .  
The ho le  reco v e ry  cu rves  were not  e x p o n e n t i a l ,  b u t  were f i t t e d  w i th  the 
Wi ll i ams-W at ts  f u n c t i o n ,  exp = ( t/ t 0)^ w i th  p = 0 . 5 .
The motions in  the r o t o r  phase of s o l i d  cyclohexanol  are s tu d ­
i e d  w i th  p ro to n  NMR from the  mel t  down to  5 K. P a r t i c u l a r  a t t e n t i o n  i s  
p a i d  to the v a r i a t i o n  of the l i n e w id th  with  te m pera tu re  and to  the temp­
e r a t u r e  and frequency  dependences of  T*.  We f i n d  t h e r e  are two d i s ­
t i n c t  motions t h a t  cause minima i n  T* as a f u n c t i o n  of te mpera tu re .  
These two motions were observed  i n  d i e l e c t r i c  exper im en t s .  From the  
p r o to n  l i n e  nar rowing and h i g h - r e s o l u t i o n  s o l i d  s t a t e  s p e c t r a ,  the  
h ig h  te m pera tu re  ' a '  motion i s  i d e n t i f i e d  as o v e r a l l  molecula r  r o t a ­
t i o n .  The low tem pera tu re  ' P ' m o t i o n  i s  i d e n t i f i e d  as a u n i a x i a l  i n t e r ­
n a l  r o t a t i o n  of  the cyc lohexy l  r i n g  about the CO bond,  with  the COH 
group remain ing s t a t i o n a r y  . This  e x p l a in s  bo th  the s t rong  sp in  r e l a x a ­
t i o n  and the weak d i e l e c t r i c  r e l a x a t i o n  peak a s s o c i a t e d  w i th  the p mo­
t i o n ,  Both mot ions have d i s t r i b u t i o n s  of c o r r e l a t i o n  t im es ,  as seen
from the shal low Tx minima and the weak te m pera tu re  and frequency de­
pendences of  T x . From 100 K down to  5 K, the t em pera tu re  dependence 
co n t in u e s  to be weak. The f requency  dependence remains l e s s  than
b)0 . These r e s u l t s  i n d i c a t e  t h a t  some components of  the motion r e ­
main f a s t e r  than  the NMR frequency  to0 even a t  5 K. The behav io r  of 
cyc lohexanol  i s  compared to  t h a t  of  o th e r  d i s o r d e r e d  s o l i d s .
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Chapter  I  
INTRODUCTION
N u c le a r  Magnet ic  Resonance has been used t o  s tudy  molecular ivfr-  
t i o n s  in  l i q u i d s  and s o l i d s  s ince  the pioneering NMR work of the 1946*. 
I n d eed ,  i t  i s  the  p re s e n c e  of m o lecu la r  motions in nonconducting s t a p l e s  
t h a t  g iv e s  r i s e  to p o l a r i s a t i o n  of  sp ins  by the DC magnetic  f i e l d  * 
s i c  r eq u i r e m e n t  of  NMR.
R e p o r t e d  h e r e  are r e s u l t s  of  NMR studies of the molecm,r no ­
t i o n s  i n  two o r g a n i c  m a t e r i a l s  t h a t  undergo glass t r a n s i t i o n s ,  g lyce ro l  
and c y c l o h e x a n o l .
G l y c e r o l  ( CUjOH -  CHOU CD2 OH) a t  low tempera tu res  i |  s
' l i q u i d '  g l a s s ,  a m a t e r i a l  t h a t  i s  bo th  t r a n s l a t i o n a l l y  and o r i e n t a t i o n "
a l l y  d i s o r d e r e d  and ap p e a r s ,  m a c rosc op ica l ly ,  to be s o l i d .  When i i q n i d
g l y c e r o l  i s  c o o le d ,  the t r a n s l a t i o n a l  and o r i e n t a t i o n a l  c o r r e U t i o a
t im es  become lo n g e r ,  u n t i l  n ea r  185 K a g lass  t r a n s i t i o n  i s  obgervcd i n  
t h e  s p e c i f i c  h e a t  (Gib23) . Th i s  i n d i c a t e s  tha t  the c o r r e l a t i o n  l i n e s  
p a s s  th rough  103 s .  As g l y c e r o l  i s  cooled from a l i q u i d  to  bolo* tUc 
g l a s s  t r a n s i t i o n  i t  r e t a i n s  the o r i e n t a t i o n a l  and t r a n s l a t i o n a l  disorder  
t h a t  c h a r a c t e r i z e s  the  l i q u i d  s t a t e .  Indeed,  the only  d i f f e r e n t  be ­
tween l i q u i d  and g l a s s  i s  the t ime sca le  on whioh the molecules r e o r i e n t  
and d i f f u s e .
Above the g l a s s  t r a n s i t i o n  temperature T the m ot ion  a r e
a
f a s t e r  th a n  l a b o r a t o r y  t ime s c a l e s  (10 s ) ,  and below T the motion! a r e
8
slower than 1®^ s * C l0Brfy» d i f f e r e n t  measurement t e c h n iq u e s  have d i f ­
f e ren t  i n h c r 0®* s c a l e s  and w i l l  measure d i f f e r e n t  g l a s s  t r a n s i t i o n
temperature#* ^ llB T i n  the  l i t e r a t u r e  a lways  r e f e r s  t o  slow thermody-
6
namic and t b e rmal expans ion  measurements.
CyCj.ohexanol  (C«HX10H) f r e e z e s  a t  299 K i n t o  a r o to r  
c r y s t a l  ( A d a ^ ) *  a s o l i d  t h a t  has a c r y s t a l  l a t t i c e  ( f e e ,  Z = 4 and a0 
= 0.88 ntq) (Cc°80,  Grc6^,  Dvn61), b u t  r e t a i n s  the  f a s t  o v e r a l l  m o lecu la r  
r o t a t i o n  And tho o r i e n t a t i o n a l  d i s o r d e r  c h a r a c t e r i s t i c  o f  a l i q u i d .  
These kind* o f  S° l i d s ,  c a l l e d  p l a s t i c  c r y s t a l s ,  have been  widely  s t u d i e d  
i n  the p a # t .  ^ i ^ l ,  Bod76) With f u r t h e r  c o o l i n g ,  at  265 K cyclohexanol  
passes a t r a n s ^ ^ ° Q to  a more o rd e red  phase  t h a t  can be e a s i l y  avo ided  
by supercoo l^11® (Ada77) • A d d i t i o n a l  c o o l in g  slows th e  molecular  r e o — 
r i e n t a t i o QS i n  the  supercoo led  r o t o r  c r y s t a l .  Near 150 K a g la ss  t r a n ­
s i t i o n  occur*  *n wkioh  t i^e ovot8! 1 m o l e c u l a r  r o t a t i o n s  f r e e z e  ou t .  How­
ever an i u t e fnfl* motion* r o t a t i o n  o f  the  cyc lohexy l  r i n g  about the CO 
bond with  th e  group bo ld  f i x e d ,  p e r s i s t s  below the  g l a s s  t r a n s i t i o n .
A g l® ss t r a n s i t i o n  i s  a k i n e t i c  phenomenon whose s ignature  i n  
c a l o r i m o t r i c  s t u d i e s  i s  a s t e p - l i k e  change i n  the  s p e c i f i c  hea t  (Gib23) . 
The change i s  t*ue to  t h e f r e e z i n g  out  of  th e  g l a s s i n g  c o o r d i n a t e ( s )  t h a t  
occurs Qvor a narrow te m pera tu re  range  (-* 5 K ) . The temperature a t  
which t h i s  cb®n®e in  t b °  s p e c i f i c  h e a t  o c c u r s  i s  found t o  depend on t h e  
experimenta l  e9u i i i b r a t i ° n  t ime,  the time i n  which the sample reaches  a 
uniform tomp®*at l l t e  or  t*ie t *me between a p p l i c a t i o n  o f  the  heat  p u l s e  
and the read!®® ° f  the tempera ture  change .  Longer e q u i l i b r a t i o n  t im es  
allow slower mot ions  to  f u l f i l l  the c r i t e r i o n  d e f in i n g  a ' f a s t '  m ot ion .  
The c r i t e r i o n  *s t b s t  t ^ e c o r r e l a t i o n  t ime o f  the mot ion  be l e s s  t h a n
the e q u i l i b r a t i o n  time. Hence fo r  longer  e q u i l i b r a t i o n  times t b e temp­
e ra tu re  range  over which t h e  change in th e  s p e c i f i c  heat o c c u r s  s h i f t s  
to  lower tempera tures.  Whnt t h a t  means i s  t h a t  we have a t i m e - d 0 Pe ndent  
heat  c a p a c i t y .
The dependence on  the  e q u i l i b r a t i o n  time of the s t e p —l ik e  
change in  the  spec i f i c  h e a t  i s  one s ig n a t u r e  used to d i f f e r e n t i a t e  be­
tween k i n e t i c  glass  t r a n s i t i o n s  and c o n v e n t io n a l  t r a n s i t i o n s ,  F o *  o r d i ­
nary t r a n s i t i o n s !  such as th o s e  occuring i n  equ i l ib r ium  s t a t i s t i c a l  me­
chanics,  t ime does not p l a y  any r o l e .  The g l a s s  t r a n s i t i o n  t e m p e r a t u r e ,  
T , i s  taken  as the t e m p e r a t u r e  where the s p e c i f i c  heat is  h a l fv r ay  downD
the s tep  i n  the s p e c i f i c  h e a t  curve f o r  long  (10 s) e q u i l i b r a t i o n  
t imes.
Our NMR study of  t h e  slow molecu la r  r e o r i e n t a t i o n s  i n  g l y c e r o l  
used a new slow motion t e c h n i q u e ,  s p e c t r a l  h o le -bu rn ing  (Con81, Knh.82), 
tha t  was developed a t  t h i s  l a b o r a t o r y .  T h i s  technique e x p l o i t s  t h e  ex­
i s tence  of  an a n i s o t r o p i c  chemical  s h i f t  to  t a g  and subsequen tly  f e l l o w  
slow molecu la r  r e o r i e n t a t i OIls•
S p e c t r a l  h o l e -b u r n i n g  y i e l d s  d e t a i l e d  information about  mo l e c u -  
l a r  r e o r i e n t a t i o n s ,  such s s  t h e  width of the  d i s t r i b u t i o n  of co j r c l a t i o n  
t imes,  the  mean c o r r e l a t i o n  t ime,  and th e  a n g u l a r  size of s i n g l e  reo­
r i e n t a t i o n s .  In  other  w o rd s ,  s p e c t r a l  h o l e - b u r n i n g  yie lds the d i s t r i b u ­
t ion  of s i n g l e - p a r t i c l e ,  tw o- t im e  c o r r e l a t i o n  functions for  m o l e c u l a r  
r e o r i e n t a t i o n s .  This i s  ® much more d e t a i l e d  spe c i f i c a t io n  Df  t h e  mo­
t ion  than  i s  poss ib le  by u s i n g  o the r  r e l a x a t i o n  techniques,  s u c h  a s de­
termining Tx or Tx u s in g  conven t iona l  NMR techn iques  or d i e l e c ­
t r i c  spec t ro scopy .  Unless  t h e  e l ec t ro n s  (and hence the molecu le )  h a v e  a
high deg ree  of  symmetry, t h e  chemical s h i f t  w i l l  he a n i s o t r o p i c .  That  
i s ,  the s i z e  of the s h i f t  w i l l  depend on molecu la r  o r i e n t a t i o n .  Spec­
t r a l  h o l e —b u rn in g  should be a widely a p p l i c a b l e  techn ique  because many 
so l id  o r g a n i c  m a te r i a l s  e x h i b i t  chemical  s h i f t  a n i s o t r o p y .  The NMR 
study of t h e  molecular  m ot ions  in s o l i d  cyc lohexanol  used the  techniques  
of n u c l e a r  r e l a x a t i o n  s p ec t ro s co p y  (Noa71) , which date b ack  to the e a r ­
l i e s t  days o f  NMR. These techniques  use th e  f a c t  t h a t  n u c l e a r  spin sys­
tems, h a v i n g  well  d e f in e d  energy l e v e l s ,  w i l l  undergo t r a n s i t i o n s  only  
in r e s p o n s e  to  p e r t u r b a t i o n s  at  the f r eq u en cy  f ,  where hf  = AE = 
jLyQ. P e r t u r b a t i o n s  due t o  molecular  m o t io n s ,  which te n d  to  r e s t o r e  
e q u i l i b r i u m ,  cause changes  in  the p o p u l a t i o n s  of the magnetic  energy 
l e v e l s .  So the  time c o n s t a n t  a s s o c ia ted  w i t h  the r e t u r n  o f  these popu­
la t io n s  t o  thermal e q u i l i b r i u m  w i l l  depend on the m o lecu la r  motions. In  
p a r t i c u l a r ,  r e l a x a t i o n  t i m e s  w i l l  depend on the m o t io n a l  c o r r e l a t i o n  
r a t e s ,  t h e  w id th  and shape of  the d i s t r i b u t i o n  of c o r r e l a t i o n  r a t e s ,  the 
type of m o t i o n  causing t h e  p e r t u r b a t i o n s ,  and the s t r e n g t h  of  the i n t e r ­
nal m a g n e t i c  i n t e r a c t i o n  being modula ted .  By changing the magnetic 
f i e l d ,  t h e  f r equenc ie s  ( f  = y lilln )  be ing  s tu d ie d  w i l l  be v a r i e d .  This  
is  ana logous  to  varying a tuneable  f i l t e r  to  i n v e s t i g a t e  the i n t e n s i t y  
of a s i g n a l  as  a f u n c t i o n  o f  frequency.  Here the ' s i g n a l '  i s  from the 
random m o l e c u l a r  motions.
The study of m o le c u la r  motions n e a r  the g l a s s  temperature i n  
d i s o rd e re d  m a t e r i a l s  i s  im por tan t  to u n d e r s t a n d  the n a t u r e  of g la s s e s  
and g l a s s  t r a n s i t i o n s .  D e ta i l e d  t h e o r i e s  exp la in ing  g l a s s e s  and the  
glass  t r a n s i t i o n  are in  t h e i r  infancy b e c a u se  both d e t a i l e d  experimental  
and t h e o r e t i c a l  s tud ie s  o f  g la s s in g  m a t e r i a l s  have only  r e c e n t l y  begun.
5and because tbe p e r i o d i c i t y  e x p l o i t e d  i n  t h e o r i e s  of  c r y s t a l l i n e  m a t e r i ­
a l s  i s  not p r e s e n t  i n  most g l a s s i n g  m a t e r i a l s .  The fo rmat ion  of  a g l a s s  
depends on the a n i s o t r o p i c  p a r t  of  the i n t e r m o l e c u la r  p o t e n t i a l .  (Con­
s i d e r  t h a t  s p h e r i c a l l y  symmetric m olecu les  such as Ar,  Kr, Ne. and pure  
e l e m e n ta l  meta ls  do not  form g l a s s e s . )  The importance  of the a n i s o t r o p ­
i c  i n t e r m o l e c u la r  p o t e n t i a l s  makes c a l c u l a t i o n s  of  the molecula r  mot ions 
i n  g l a s s e s  d i f f i c u l t .  In  c o n t r a s t ,  c a l c u l a t i o n s  f o r  l i q u i d s  and gases  
show t h a t  the symmetric p a r t  of  the i n t e r m o l e c u la r  p o t e n t i a l  dominates 
the  b e h a v io r .
The s tudy of  m olecu la r  mot ions  i s  im por tan t  in  u n d e r s tan d in g  
th e  b u lk  p r o p e r t i e s  of  g l a s s e s ,  such as p l a s t i c s ,  t h a t  are used w ide ly  
i n  everyday l i f e .  The manufac tu r ing  of  p roduc ts  us ing  p l a s t i c s  i s  o f t e n  
m o t iv a t e d  by the a b i l i t y  to  mold the v i s co u s  l i q u i d  and then  cool  i t  be­
low the g la s s  t r a n s i t i o n ,  and by th e  a b i l i t y  of  the  p roduct  to  absorb  
bends and shocks,  p r o p e r t i e s  t h a t  seem to  be r e l a t e d  to  the d i s o r d e r  in  
g l a s s e s .
C hap te r  I I  
THEORY: A SKETCH
NMR i s  the  measurement of  n u c l e a r  m a g n e t i z a t i o n  and i t s  f r e ­
quency d i s t r i b u t i o n  among i n t e r a c t i n g  magnetic d i p o l e s  t h a t  have been 
p l a c e d  i n  a l a rg e  m agne t ic  f i e l d .  The magnet ic f i e l d  expe r i enced  by a 
nuc leus  has  th ree  o r i g i n s ,  the a p p l i e d  DC m agne t ic  f i e l d ,  the a p p l i e d  
r a d i o  f requency ( r f )  f i e l d ,  and the  i n t e r n a l  f i e l d s .
The ap p l i e d  DC magnetic  f i e l d ,  or  Zeeman f i e l d ,  s e t s  the  spac­
ing of  the  magnetic energy  l e v e l s  and hence,  the  p r e c e s s i o n  f requency ,  
th rough  E = ftyll0 . The t e m p era tu re ,  along w i th  the f i e l d ,  de te rm ines  
the  t o t a l  e q u i l i b r i u m  m a g n e t i z a t io n  f o r  param agne t ic  samples.  C u r i e ' s  
law. The app l ied  DC magne t ic  f i e l d  d e f in e s  the z - a x i s  and i s  denoted  by 
H„ .
A ra d io  f r equency  f i e l d ,  w i th  frequency  chosen equal  to  the 
p r e c e s s i o n  f requency ,  i s  a p p l ied  to  the sp in  system to n u ta t e  the  magne­
t i z a t i o n  or to induce phase coherences  between magnetic  energy l e v e l s .  
The n u t a t i o n  of the m a g n e t i z a t i o n  i s  the c l a s s i c a l  p i c t u r e ,  and induced 
t r a n s i t i o n s ,  or co h e re n ces ,  are the quantum mechanical  p i c t u r e .  The ap­
p l i e d  r f  f i e l d  i s  t a k e n  to  de f ine  the  l a b o r a t o r y  x - a x i s .  In  the l a b o r a ­
t o r y  frame the r f  f i e l d  i s  given by
IIx (t> -  2HX cos {wr £ t ) I .
(1)
-  6 -
The i n t e r n a l  f i e l d s  t h a t  a r i s e  from o the r  nea rby  s p in s ,  from 
e l e c t r o n s ,  and from any o t h e r  spec ie s  of  sp in  in  the  sample w i l l  g ive  
r i s e  to  the d i s t r i b u t i o n  of  resonance  f r e q u e n c i e s .  Because these i n t e r ­
n a l  i n t e r a c t i o n s  a re  dependent  on the m o lecu la r  c o o r d i n a t e s  (both d i s ­
ta nce  and o r i e n t a t i o n ) ,  th e y  w i l l  p rovide  d e t a i l e d  i n fo rm a t io n  about the  
s p i n  environment and the m o lecu la r  m o t ions .  Examples of  such i n t e r a c ­
t i o n s  are d i p o l e - d i p o l e  and a n i s o t r o p i c  chemical s h i f t  i n t e r a c t i o n s ,  
s p i n - r o t a t i o n  and i n d i r e c t  n u c l e a r  co u p l in g .
The e x p e r i m e n t a l l y  d e t e c t e d  q u a n t i t i e s  in  NMR a re  the magnitude 
and the  time dependence of the  p r e c e s s in g  x and y components of magneti­
z a t i o n  in  the l a b o r a t o r y  frame.
2 .1  CLASSICAL NMR THEORY
Phenomenological  e q u a t io n s  d e s c r i b i n g  the c l a s s i c a l  behav io r  of 
the  m a g n e t i z a t i o n ,  a m acroscop ic  magnet ic d ipo le  in  the  p resence  of b o th  
s t a t i c  and t ime-dependen t  m agne t ic  f i e l d s ,  were w r i t t e n  down by F e l i x  
Bloch (Blo46) t o  d e s c r ib e  NMR on l i q u i d  samples.  The NMR Bloch equa­
t i o n s  ( f o r  the case of no r e l a x a t i o n )  a re
d _
—  M. = y(M x II) 4 
d t
f o r  i  = x,  y and z (2)
where i s  the  component of the  m a g n e t i z a t io n  in  the i ^  d i r e c t i o n  in  
t h e  l a b o r a t o r y  frame,  y i s  the  gyromagnet ic r a t i o  of  the  s p in s ,  and H 
i s  any app l ied  DC or time dependent  magnetic  f i e l d .  To s im p l i fy  the so-
l u t i o n  of the  Bloch e q u a t io n s ,  one tr ans fo rm s  to  a r o t a t i n g  frame with 
angular  v e l o c i t y  £1 about the z a x i s .  The t rans fo rm ed  Bloch eq u a t io n s  
( in c lu d in g  r e l a x a t i o n  terms) a re
d II.
- -  M, -  y [ m * ( H  H i
d t Ta
d n m
“  My =  r [ M  X ( n  -  —  k )  ]  -  — i
d t  Y y Ts
d Q
—  M2 »  y [m x (II -   k ) ] z +
(3)
where Ta and Ta a re  the r e l a x a t i o n  t imes f o r  the p a r a l l e l  and p e r ­
p e n d i c u la r  components of  the m a g n e t i z a t i o n  r e s p e c t i v e l y ,  and th e  d i r e c ­
t i o n  s u b s c r i p t s  r e f e r  to  the r o t a t i n g  frame c o o rd in a te  system. R esu l t s  
o f  c a l c u l a t i o n s  done in  the  r o t a t i n g  frame may be t ransformed back to 
the l a b o r a t o r y  frame by us ing  the  r o t a t i o n  m a t r ix
where the r o t a t i n g  frame x - a x i s  makes an ang le 0 w i th  the l a b o r a t o r y  
frame x - a x i s  a t  t  = 0 .  S e t t i n g  fi = <or £> the a n g u la r  frequency of  the 
r f  f i e l d ,  the  r f  f i e l d  in  the r o t a t i n g  frame becomes time independent  
and of magnitude 11*, We no te  t h a t  th e re  a l s o  i s  a c o u n t e r - r o t a t i n g  
term due to  the  r f  f i e l d  in  the r o t a t i n g  frame a t  - ior f .  This  te rm i s  
dropped because  i t  i s  2ur £ o f f - r e s o n a n c e ,
cos ( f i t  + 0) - s in (£! t  + 0 )  0 I H ®
I *
s in ( f i t  + 0) cos(f i t  + 0 )  0 I M
I y
0 o i l  MzR (4)
9To g a in  an u nde rs tand ing  of  NMR, one should u n d e r s t a n d  how a 
s i g n a l  i s  p roduced .  Consider the m a g n e t i z a t i o n  M0, in  a DC magnetic  
f i e l d  H0 , and an r f  f i e l d  H1( a t  <<>r £,  where Q i s  the p r e c e s s i o n  
f requency  yH0 . Def in ing  h = yll0 -  ur £,  t h e  response of M0 
to  an r f  pu lse  of  d u r a t i o n  t  i s  d e s c r ib e d  by the Bloch e q u a t i o n s .  In 
the  r o t a t i n g  frame the components of  the m a g n e t i z a t i o n  a t  t ^  a r e
Mx ( t p > = (yh/13) AQ + Mx ( t i )
W  = A *i n ^ t p + n)
Mz ( tp )  = - ( y ^ A / p X *  + Mz ( t . )
Q = c o s ( p tp  + q) -  c o s ( p t i  + q)
p = y ( h 2 + Ex2 ) 1/2  (5)
where A, q ,  M^ft^)  and ^ ( t ^ )  a re  de te rm ined  from i n i t i a l  c o n d i t i o n s  
and the  c o n d i t i o n
«iz (0>2 -  M , ( t p ) 2 ♦ W *  Mz <tp >2 ,
a p p r o p r i a t e  in  th e  l i m i t  T*,  T3 >> t p . These  equat ions ,  f o r  M i n i ­
t i a l l y  along H0 and in  the l i m i t  of Hx >> h ,  reduce to the  more f a ­
m i l i a r  r e s u l t  f o r  the m a g n e t i z a t i o n  H immedia te ly  a f t e r  a p u l s e .
w = 0
^ Z ^ p )  “ Mo cos (y l l r t j j ) , ( 6 )
For t imes  t  > tp ( a f t e r  t h e  pu lse,  so Hx = 0 ) ,  the m a gne t iz a ­
t i o n  f r e e l y  p r o c e s s e s .  In the r o t a t i n g  frame th e  f r e e  p r e c e s s io n  s i g n a l  
i s
M ( h , t )  = -M ( t )  s in  (yh t)
. y .  p
My(h,t )  = My ( t p )  cos (yht)
Mz ( h , t )  = Mz ( t p ) . (7)
To a c c u r a t e l y  reproduce an NMR spect rum, one must c o n s i d e r  a 
d i s t r i b u t i o n  of  H0 f i e l d s .  For convenience ,  choose the d i s t r i b t u t i o n  
M(h) = exp -{h2/ 2 a 1 } ,  a gauss ian  o f  width a i n  f i e l d  u n i t s .  Then,  
u s in g  equa t ion  6 ,  t h e  t o t a l  m a g n e t i z a t i o n  in  th e  r o t a t i n g  frame f o r  
t im es  t  > tp  i s
Mx ( t )  = J d (y h )  Mx (h,t> exp - {  (y h )2/ 2 ( y o ) 2 J 
= 0
because  of th e  symmetry of t h e  d i s t r i b u t i o n
My.( t ) = J  d (yh )  My(h,t) exp -{  (yh )2/2 ( y o ) 2 J
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Hence even f o r  the case o f  Tx = T ,  = ® (no r e l a x a t i o n ) ,  the 
m a g n e t i z a t i o n  i n  the p lane  of  p r e c e s s io n  w i l l  decay to ze ro  because  of 
the dephas ing due to  the d i s t r i b u t i o n  of  o f f - r e s o n a n c e  f i e l d s  M(h) . 
Transfo rming back to  the l a b o r a t o r y  frame and i n s e r t i n g  yHjt  = j t /2 ,  
the  c r i t e r i a  fo r  the s h o r t e s t  pu lse  t h a t  maximizes the amount of  magne­
t i z a t i o n  i n  the p la n e ,  the  NMR s i g n a l  i s
Mz -  0
My = M0 exp - { t 2/ 2 a ' 2 } cos (“ r f t  + 0}
Mx = -M0 exp - { t 2/ 2 o ' 2 J s i n  (mr f t  + 0}
(9)
Hence the NMR s i g n a l  d ie s  away w i th  a gauss ian  time dependence because 
of  dephas ing .
I t  i s  i n t e r e s t i n g  to  note  t h a t  the l a s t  s t e p ,  t r a n s f o r m i n g  from 
the  r o t a t i n g  frame i n t o  the l a b o r a t o r y  frame,  has  the same e f f e c t  as 
h e t e ro d y n in g  the  r o t a t i n g  frame s ig n a l  up to  wr £.  C a l c u l a t i n g  the  e f ­
f e c t  on the t o t a l  m a g n e t i z a t i o n  in  the r o t a t i n g  frame of the  d i s t r i b u ­
t i o n  of  o f f  resonance  f i e l d s ,  M(h), i s  the same as f o u r i e r  t r a n s fo rm in g
i t  w i th  r e s p e c t  to yh,  the  o f f - r e s o n a n c e  f requency .  Since b o th  m u l t i ­
p ly i n g  and f o u r i e r  t r a n s fo rm in g  are l i n e a r  o p e ra t io n s  the e x p e r im e n ta l ly  
observed  s i g n a l ,  a f t e r  h e te ro d y n in g  i t  down to audio  f r e q u e n c i e s  and
f o u r i e r  t r an s fo rm in g  i t  w i th  r e s p e c t  to  t ,  w i l l  y i e l d  M(yh), the  d i s ­
t r i b u t i o n  of  resonance f r e q u e n c i e s .
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In  the approximate c a l c u l a t i o n  above we b u r ie d  much of  the i n ­
t e r e s t i n g  phys ics  when we s e t  T2 = T3 = °», th e  q u a n t i t i e s  of  r e a l  
i n t e r e s t  in  m o t iona l  s t u d i e s  a re  j u s t  these  r e l a x a t i o n  t imes  (Noa71). 
The r e l a x a t i o n  t im es  y i e l d  i n f o r m a t io n  about th e  m olecu la r  mot ions .
The r e l a x a t i o n  time Ta i n  l i q u i d s  i s  normal ly  obscured  by the 
d ep h a s in g .  However, an exper iment  has  been des igned  t h a t  w i l l  i n v e r t  
the e f f e c t s  of  the dephasing  due to  the d i s t r i b u t i o n  M(h), a l lowing  T2 
to  be measured e x p e r i m e n t a l l y .  Hahn showed t h a t  applying a second p u l s e  
a t  t ime x ,  a f t e r  t h e  f i r s t  p u l s e ,  can r e v e r s e  the  e f f e c t  o f  dephasing 
due to  an inhomogeneous magnet ic f i e l d  (Hah50) . The r ep h as in g  of the  
m a g n e t i z a t i o n  causes  a s igna l  (an  echo) to  r e a p p e a r  a t  2v .  The echo 
i s  e s s e n t i a l l y  two f r e e  i n d u c t io n  decay (FID) s i g n a l s  b a c k - t o - b a c k .  The 
t ime dependence of  the  echo am pl i tude  gives  a means of  measur ing Ta . 
Rephas ing t e c h n iq u e s  are a l so  u s e f u l  fo r  p r o j e c t i n g  the NMR s ig n a l  away 
from th e  l a s t  p u l s e ,  so we can avo id  r e c e i v e r  b lo c k in g .
Hahn's e a r l y  work c o n s id e re d  both i n i t i a l  and r e f o c u s in g  p u l s ­
es of  equal  l e n g t h .  The b es t  r e f o c u s in g  p u l s e  to  i n v e r t  the  dephas ing 
due to  H0 inhomogenei ty ,  u n l i k e - s p i n ,  and chem ical  s h i f t  i n t e r a c t i o n s  
i s  a 180 degree p u l s e .  For dephas ing  caused by the l i k e - s p i n ,  d i p o l a r  
i n t e r a c t i o n ,  the a p p r o p r i a t e  r e f o c u s i n g  pu lse  i s  a 90 degree  pulse  phase 
s h i f t e d  90 degrees  from the f i r s t  p u l s e .
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2 . 2  SPIN TEMPERATURE
The concept  t h a t  s p in s  have a te m pera tu re  ( Jee68 ,  S l i8 0 ,  Abr78, 
Ram56) t h a t  may be d i s t i n c t  from l a t t i c e  tem pera tu re  was in t ro d u ced  by 
Casimer and duPre .  Spin te m pera tu re  has been used by many a u tho rs  in  
th e  d i s c u s s i o n  of  NMR expe r im en ta l  r e s u l t s ,  s i n g l e  e x p o n e n t i a l  s p i n - l a t -  
t i c e  r e l a x a t i o n  (Blo48) , Hartmann-IIahn c r o s s - p o l a r i z a t i o n  (Har62) , 
Waugh's d i l u t e  s p in  s i g n a l  enhancement p u l s e  sequence (P in73 ) ,  the 
Overhauser e f f e c t  (Ove53, Ove54, Car53,  Car56 ) ,  and s o l i d  s t a t e  e f f e c t s  
such as T ip ,  T1D <Loo66, S l i 6 4 ,  A i l 7 1 ) .
To see what i t  means fo r  a sp in  system to have a sp in  tempera­
t u r e ,  c ons ide r  the  case of  N n o n - i n t e r a c t i n g  s p in s ,  I  = 1 / 2 .  Boltzman 
s t a t i s t i c s  f o r  thermal e q u i l i b r i u m  g ive  the  p o p u la t i o n  of  the energy 
l e v e l s  as
P+ = N exp {yJin/2kT} 
f o r  the sp ins  a n t i p a r a l l e l  to  the a p p l i e d  magnetic  f i e l d  II, and
P_ = N exp {—yHH/2kT} (10)
f o r  the sp in s  p a r a l l e l  to  II. Expanding the e x p o n e n t i a l s  and keeping 
on ly  the f i r s t  two terms,  Tg , the te m pera tu re  of the s p in s  i s  r e l a t e d  to  
p o p u l a t i o n  d i f f e r e n c e  by
Ts = Nyji H / (P + -  P_) (11)
A s p i n  system, i f  i s o l a t e d  from the  l a t t i c e ,  may be a t  a d i f ­
f e r e n t  t e m p e ra t u r e .  F u r th e r  more, the sp in  p r o j e c t i o n s  of  the s p in  sys ­
tem may be a f f e c t e d  by c o n t a c t  with  a p p l i e d  p e r t e r b a t i o n s  caus ing ,  in
tu r n ,  n o n -e q u i l ib r iu m  m a g n e t iz a t io n .  According to  s t a t i s t i c a l  mechan­
i c s ,  in  therm al e q u i l ib r iu m  fo r  II = H0IE the m a g n e t iz a t io n  fo r  a c o l ­
l e c t i o n  of N independen t sp ins of s p in  I  i s  g iven  by
NyK | ra p.
- I
m
I
Pra ( 12 )
j . 1.
where pra, the p r o b a b i l i t y  th a t  a s p in  i s  in  i t s  m energy s t a t e ,  i s  
simply pm = ( l /N )P m. Then in  the h ig h  tem pera tu re  approxim ation  (yll 
<< kT) the  sample m a g n e t iz a t io n  i s
Ny2 A2 I ( I + l )  _
3kT (13)
which i s  j u s t  C u r i e 's  law fo r  p a ram ag n e tic  sam ples. T here fo re  the  sp in  
te m p era tu re  fo r  N s p in  1 /2  n u c le i  can be w r i t t e n  as
Ny2A2 II
S 4kM (1 4 )
where II i s  the a p p l ie d  magnetic f i e l d  and M i s  the  m a g n e tiz a tio n  a l ig n e d  
along II.
I n  e q u a t io n  3 , the c o n s ta n t  M0  was the  therm al e q u i l ib r iu m  
v a lue  of the  m a g n e t iz a t io n  in  II0 . F o r  a c o l l e c t io n  o f  N sp ins  of sp in
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I  in  the rm al e q u i l ib r iu m  w ith  the l a t t i c e  a t  te m p e ra tu re  T, th e  m agneti­
z a t io n  i s  g iven  by e q u a t io n  13. Then for h << H0  { n o n in te ra c t in g  
sp in s)  and Ha = 0 , e q u a t io n  3 i n  th e  la b o ra to ry  and r o t a t i n g  frames 
becomes
d H0  -  M
“  Mz  ----------- ,
d t  Tx
which y i e l d s
Mz { t )  = M0  + A exp — Ct/Tx) ,  (15)
where A i s  to  be de term ined  from the  i n i t i a l  c o n d i t i o n s .
2 .3 HAMILTONIANS. RELAXATION TIMES AND LINEWIDTHS
As p re v io u s ly  n o te d ,  most of the i n t e r e s t i n g  a s p e c t s  o f  the 
ph y s ics  o f  NMR are  b u r ie d  in  the B loch  equa t ion  r e l a x a t i o n  t im es  Tx 
and Ta , which embody the  e f f e c t s  o f  m olecular m o t io n  on the  s p in  sys­
tem ( th e  m a g n e t iz a t io n ) .  To u n d e rs ta n d  the o r i g i n s  of these  r e l a x a t i o n  
times and th e  e f f e c t s  o f  m o lecu la r  motion on them, we must c o n s id e r  the 
quantum m echanical d e s c r i p t i o n  of NMR.
Our s tu d ie s  were on o rg an ic  molecules composed of ca rb o n ,  oxy­
gen, and hydrogen . (The words hydrogen and p r o to n  w i l l  be u sed  i n t e r -  
changably to  r e f e r  to the p ro to n  sp in  in  the hydrogen  atom.) To e s t i ­
mate the r e l a t i v e  c o n t r i b u t io n s  o f  the d i f f e r e n t  sp in s  to  th e  t o t a l  
h a m il to n ia n ,  c o n s id e r  the  r e l a t i v e  number of s p in s  of each k in d  con­
ta in e d  in  the  sample. T h is  in fo rm a t io n  i s  d i s p la y e d  in  Table I .
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' TABLE I
Number <of S p in s  i n the Samples
p ro to n carbon oxygen
r e l a t i v e  number
of  n u c le i /m o le c u le
g ly c e r o l 8 3 3
cy c lo h ex an o l 1 2 6 1
n a t u r a l
abundance o f  s p in s 1 0 0 % 1 . 1 % .04%
r e l a t i v e  number 
of spins
g ly c e r o l 6 ,667 25 1
cy c lo h ex an o l 30 ,000 150 1
gyrom agnetic  r a t i o  
x 103  (sG ) - 1 260 6.7 3.6
Because o f  th e  low n a t u r a l  abundance and sm all y of th e  
17s p in - b e a r in g  oxygen, 0  , we w i l l  com ple te ly  ig n o re  the p resence  o f  the
oxygen s p in s .  The s p i n  h a m il to n ia n  f o r  an o rg a n ic  sample c o n ta in in g  hy­
d ro g en  (1) and ca rbon -13  (S) s p in s ,  where the re  a re  no unpaired  e l e c t r o n  
s p in s  (param agnetic  im p u r i t i e s )  i s
II = I l |  + Hg + H f f  + H§f  + H j j  + Ilgg + h£s + HgS (16)
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where i s  a Zeeman term , Hr ^ i s  the  r a d io  frequency  te rm , i s  the
d ip o la r  te rm , II i s  the a n i s o t r o p ic  chemical s h i f t  te rm .
2 .4  PROTON NMR
Because of the  lower n a t n r a l  abundance and s m a l le r  y  of  the 
carbon s p in s ,  compared to  p ro to n s  when doing p ro to n  NMR, we w i l l  ign o re  
the p resen ce  of the carbon-13 s p in s .  T h e re fo re ,  fo r  p ro to n  NMR in  o r ­
ganic samples the sp in  h a m il to n ia n  reduces  to
H = Hj + H |f  + I l J j .  (17)
The Zeeman h a m il to n ia n  f o r  N p ro to n s  in  a DC m agnetic  f i e l d  i s  g iven  by
" l  -  " I 'M . 1 h i -  
i
(18)
The term in  the  h a m il to n ia n  a r i s i n g  from the i n t e r a c t i o n  of the r f  f i e l d  
and the p ro to n  sp in  system , in  the  l a b o ra to r y  frame is
H |f  = -2y)i Hx cos {«r f tJ  J  I x i ,
i
(19)
where the r f  f requency  i s  f  = 0) / 2 jt = yll0 / 2 :t.
The r f  p u ls e s  are  a p p l ie d  to  the sample to  induce phase coher­
ences betw een the sp in  energy l e v e l s .  ( In  th e  c l a s s i c a l  p i c tu r e  of the 
Bloch e q u a t io n s  the r f  p u ls e s  n u t a t e  the m a g n e t iz a t io n .  In  the quantum 
p i c t u r e ,  th e  phase coherences  mean th a t  the time dependence of the ex­
p e c t a t i o n  v a lu e s  <I„>, <I„>, and <I*> fo llow  B loch l i k e  e q u a t io n s . )  Tox y  z
induce t r a n s i t i o n s  th e  r f  f i e l d  o p e ra to r  must not commute w ith  the
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Zeeman h a m il to n ia n .  Hence Hx cannot be a l ig n e d  p a r a l l e l  to  H0 , b e ­
cause t r i v i a l l y  [ l z *Iz ]  = 0 .
The l i k e - s p i n  d ip o l e - d ip o l e  term a r i s e s  from the c l a s s i c a l ,  
m agnetic  i n t e r a c t i o n  between p a i r s  o f  s p in s .  The form of the d ip o l a r  in ­
t e r a c t i o n  i s  a r r iv e d  a t  by q u a n t iz in g  th e  well-known c l a s s i c a l  formula 
f o r  two i n t e r a c t i n g  m ag n e tic  d ip o l e s .  Hence, th e  d ip o la r  h a m il to n ia n  
fo r  N l i k e - s p i n s ,  of s p in  I  can be w r i t t e n  as (Blo48)
■ T - 1 1 & (20)
*  J  J
where r^ j  i s  the i n t e r s p i n  v e c to r  and y i s  the s p in  gyrom agnetic  r a ­
t i o .
The d ip o la r  h a m il to n ia n  i s  g e n e r a l ly  s e p a ra te d  in  s ix  terms, 
accord ing  to  the number of t r a n s i t i o n s  each term w i l l  in d u ce .  Then we 
have
HI I  = 1 /2  £ £  {A + B + c + 0 + E + F}(yH)2 ( l / r i j ) 3
where
* -  (1 -  300S2 Oy> I U Ije
B = - 1 / 4 ( 1  -  3COS2 B y )  ( I t  IJ + I t  I j ) .
c » D* = - 3 /2 { s in  0 ^  cos 0 . j  exp I j  + I z j  1 ^ ) .  and
E = F* = - 3 /4  ( s in 2  exp i 2 0 . j ) ( i t  i t ) .  (21)
The ang les  0 . ,  and 0 . .  a re  the an g les  sp e c ify in g  th e  o r i e n t a t i o n  of r . .“J
r e l a t i v e  to  S0 . The o p e r a to r s  i t  and I ^  the  s ta n d a rd  r a i s i n g  and low-
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©ring o p e r a to r s  fo r  s p i n s ,  i t  = I  . + i l  . = IT* (Sch6 8 ) .  The s t a r s  de-j  z j  y j  j
note the complex c o n ju g a te .
S ince  the a p p l i e d  DC m a g n e tic  f i e l d  i s  l a rg e  (on th e  o rder  of 
10^ G) th e  Zeeman term in  the p r o to n  h a m il to n ia n  w i l l  de te rm ine  the un­
p e r tu rb e d  energy l e v e l s ,  an assum ption  we a l r e a d y  made when we q u an tized  
the s p in s  along H0 . The e f f e c t  o f  in c lu d in g  th e  A and B te rm s in  the 
h a m il to n ia n  w i l l  be to  combine th e  simple p ro d u c t  spin  wave fu n c t io n s
|m1 >|m3> ---------|m^> in  l i n e a r  com binations  to  form e ig e n s t a t e s  o f  the
to t a l  s p in  h a m il to n ia n .  (For a system  of two s p in s  th i s  g iv e s  the con­
v e n t io n a l  s in g le t  and t r i p l e t  s t a t e s . )  The e f f e c t s  of the  r e s t  of the 
d ip o la r  h a m il to n ia n  on these new energy l e v e l s  can be c a l c u l a t e d  from 
p e r t u r b a t i o n  th e o ry .  The e f f e c t s  (S l i8 0 )  w i l l  b e  to :
i )  p rovide a mechanism t h a t  allows t r a n s i t i o n s  betw een n e a r ly  
degene ra te  s t a t e s .  I n  the  two s p in  case t h i s  means th a t  t r a n s i t i o n s  are 
allowed between 1 + -> and | -  +>.
i i )  p rov ide  a mechanism t h a t  allow s f o r  t r a n s i t i o n s  between 
nondegenera te  s t a t e s  by admixing sm all  amounts o f  each s t a t e .  In  the 
two sp in  case  t h i s  means t r a n s i t i o n s  between | -  -> and | -  +> and, to  a 
l e s s e r  e x t e n t ,  between |+  +> and | -  -> .
By co n s id e r in g  the r a i s i n g  and low er in g  o p e ra to rs  one can see 
th a t  the  A and B te rm s w i l l  not induce  any changes  in  the r e l a t i v e  num­
ber of sp in -u p  to spin-dow n s p in s .  The A and B te rm s  commute w i th  I  andz
so co n se rv e  Zeeman s p i n  energy. These terms a re  r e s p o n s ib le  fo r  the 
(n ea r ly )  z e ro  frequency  t r a n s i t i o n s  and fo r  th e  d i s t r i b u t i o n  of re s o ­
nance f r e q u e n c ie s  ( th e  broaden ing) seen  in  s o l i d  NMR s p e c t r a .
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The rem ain ing  terms (C -  F) cause changes in  the  r e l a t i v e  popu­
l a t i o n s  o f  the s p in  s t a t e s ,  and th e y  do not conserve  sp in  energy . These 
non-energy  co n se rv in g  terms in c lu d e  terms t h a t  give r i s e  to  t r a n s i t i o n s  
a t  <o0  (AE = Jha0) ,  th e  C and D te rm s ,  and te rm s  th a t  induce 
t r a n s i t i o n s  a t  2w0  (AE = 2hw0) , th e  E and F te rm s .  I t  i s  the  
C -  F te rm s  th a t  g iv e  r i s e  to  T 2  and the rem ainder  of T2  i n  s o l id s .
2 .4 .1  P in o la r  Broadening  o f  R ig id  L a t t i c e s
I t  i s  w e l l  known from e lem en tary  quantum mechanics th a t  to  in ­
duce t r a n s i t i o n s  betw een energy s t a t e s  a t  a p p re c ia b le  r a t e s  the  p e r t u r b ­
ing h a m il to n ia n  must be f l u c t u a t i n g  a t ,  or n e a r ly  a t ,  a frequency  c o r r e ­
sponding to  th a t  of th e  t r a n s i t i o n .  In  a r i g i d  l a t t i c e  where a l l  the  
m o lecu la r  motions a re  very  slow compared to  (o0  (excep t f o r  the pho- 
non and l i b r o n  f r e q u e n c ie s ,  w hich a re  too f a s t  to  m a t t e r , )  only ' t r a n ­
s i t i o n s '  o f  AE = fito ~ 0 are  a l lo w e d .
t i o n  l i n e .  The b e a u ty  of d e s c r ib in g  the NMR l i n e  shape by i t s  moments i s  
t h a t  the  c a l c u l a t i o n  of the moments does no t r e q u i r e  t h a t  one f i r s t  
so lve  f o r  the a p p r o p r ia te  sp in  e i g e n s t a t e s  (V an48). The second moment 
of the NMR l in e s h a p e  i s  d e f in e d  i n  the c o n v e n t io n a l  manner (SliSO,
A measure o f  the l in e w id th  i s  the second moment o f  the a b so rp -
Abr78) ,
9 ( 22 )
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where f ( co) i s  the am plitude of th e  a b s o rp t io n  spectrum . (The weak 
t r a n s i t i o n s  a t  u> °  0 and i d  = 2co0  must be ig n o r e d . )  The second 
moment can be c a l c u l a t e d  from th e  energy c o n se rv in g  p a r t  of the d ip o la r  
h a m il to n ia n  (SliSO, A br78). I t  h a s  been shown t h a t  the  second moment 
fo r  N s p in s ,  where r ^ j  the v e c to r  between s p in s  i  and j ,  makes an ang le  
©jj to  H0 , in  the l i m i t  of no m o lecu la r  m otion  i s
3 NN (1 -  3c o s 2  0 . • ) 2
Ma = — y 4 H2 I ( I + l )  J ---------------------     ,
4N i< j  r 4 j 6  (23)
where th e  sum runs over  a l l  s p in s  in  the sam ple . For p o l y c r y s t a l l i n e
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samples t h a t  c o n ta in  randomly o r i e n t e d  c r y s t a l l i t e s ,  or samples t h a t  a re  
o r i e n t a t i o n a l l y  d i s o r d e r e d ,  Ma sh o u ld  be av e rag ed  over a l l  m olecu la r  
r e o r i e n t a t i o n s ,  g iv in g
3 NN 1
M, = — Y4 t 2 I ( I + l )  J  ----
5N i< j  r ^ 6  (24)
in  the l i m i t  of no m o lecu la r  m o tion .
The e f f e c t  o f  m olecu la r  m otion w i l l  reduce the apparen t  s iz e  of 
the second moment. A lthough the  in s ta n ta n e o u s  v a lue  of Ma i s  always 
given by equation  2 3 ,  the  observed  second moment i s  the  average of i t .  
To c a l c u l a t e  the o b se rv ed  second moment in  th e  p resen ce  of r a p id  m otion , 
average (1 -  3cos 2  O j j ) 2  i n e q u a t io n  23 over the  p o s s ib le  v a lu e s  of 0 y  
allow ed by the m otion . To c a l c u l a t e  the e f f e c t  of m otion on p o ly c ry s ­
t a l l i n e  sam ples, f i r s t  average over  the p o s s i b l e  v a lu es  o f  0 . . then  av -  
erage over the m o le c u la r  o r i e n t a t i o n s .
The second moment i s  o f t e n  d iv id e d  in to  two p a r t s ,  
i n t r a m o le c u la r  and in te rm o le c u la r  (And53). The s e p a ra t io n  i s  made be­
cause i t  t a k e s  d i f f e r e n t  m otions to  com ple te ly  average each p a r t .  
I n t r a m o le c u la r  second moments are  com plete ly  averaged  to  zero  by o v e ra l l  
m o lecu la r  r o t a t i o n .  M olecular r o t a t i o n  w i l l  a l s o  average p a r t  of the 
in te r m o le c u la r  second moment. However, in te rm o le c u la r  second moments 
are  co m p le te ly  averaged to  z e ro ,  on ly  by ra p id  m o lecu la r  d i f f u s i o n .
The in te rm o le c u la r  second moment due to  l i k e  s p in s ,  f o r  the 
case of r a p i d  o v e r a l l  m o lecu la r  r o t a t i o n  bu t no d i f f u s i o n ,  was c a l c u l a t ­
ed in  a p o l y c r y s t a l l i n e  sample by D im itr ie v a  and Moskalev. For t h e i r  
c a l c u l a t i o n  a l l  the sp in s  were e f f e c t i v e l y  lo c a te d  a t  the c e n te r  of 
t h e i r  m o le c u le .  The l a t t i c e s  c o n s id e re d  were f e e ,  bcc and hep (Dim64). 
They showed t h a t  fo r  t h i s  type of motion the  second moment i s
M2  = ( 3 / 5 ) y 4 A2 l ( I + l )  c J  ( l / r f c ) 6  ,
K
(25)
where c i s  the  number of sp in s  of s p in  I  on a m o lecu le .  The sum, which 
runs over the  m o lecu la r  index k , was 115.53 a„~^ fo r  an fee  l a t t i c e ,
29.05 a0- ® f o r  a bcc l a t t i c e ,  and 14.45 a0~^ f o r  an hep l a t t i c e ,  
where a 0  i s  the l a t t i c e  c o n s ta n t .  By c o n s id e r in g  only the i n t e r a c ­
t io n s  of s p in s  on d i f f e r e n t  m olecu les  the  complete averag ing  of the in ­
t r a m o le c u la r  i n t e r a c t i o n s  was in c lu d ed  in  the c a l c u l a t i o n .
E x p e r im e n ta l ly ,  in  p u lse  NMR, the second moment i s  de term ined  
from the r e l a t i o n s h i p  ( S l i8 0 ,  A br78),
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where G (t)  i s  th e  FID measured p e rp e n d ic u la r  to  Hl f  (My fo l lo w in g  a 90 
degree  p u lse  a long  the x - a x i s ) .  The need to  know the z e ro  time p a r t  of 
th e  FID i s  a problem in  p u ls e  NMR, because  the  f i n i t e  time re q u i re d  f o r  
th e  r f  c i r c u i t s  to  r in g  down obscures  the  e a r l y  p a r t  of th e  FID, But a 
v a r i e t y  of te c h n iq u e s  have been  developed to  recover the  sh o r t  time 
p o in t s  (V o l78), o r  to p r o j e c t  the  s ig n a l  away from the l a s t  pu lse  w h ile  
p re s e rv in g  the  d ip o l a r  i n t e r a c t i o n s  (P in72b, Hah50, Bow82).
2 . 4 .2  Spin D i f f u s io n
The o th e r  e f f e c t  of the s e c u la r  h a m il to n ian  i s  to  allow  fo r  
s p in  d i f f u s i o n .  Spin d i f f u s i o n  a r i s e s  from the B term , th e  mutual 
s p i n - f l i p  p a r t  of the s e c u la r  h a m il to n ia n .  I t  can be th o u g h t  of as th e  
s p a t i a l  d i f f u s i o n  of one s p i n ' s  o r i e n t a t i o n  a t  t 0  th rough  the  sample 
v i a  sp in  f l i p - f l o p s .  In  s o l i d s  these  mutual s p i n - f l i p s  a re  im portan t i n  
u n d e rs tan d in g  th e  e f f e c t  of param agnetic  im p u r i t i e s  (u n p a ire d  e l e c t r o n s )  
on Tx , which i s  to  d r a s t i c a l l y  sh o r ten  i t .
Bloembergcn e x p la in ed  t h i s  e f f e c t  by p o s tu la t in g  t h a t ,  in  a r e ­
g io n  im m ediately  around the  im p u r i ty ,  th e  s p in s  w i l l  q u ic k ly  r e la x  to  
th e rm a l  e q u i l ib r iu m  because of the  s trong  s p in  l a t t i c e  co u p l in g  due to  
th e  la rg e  y o f  the  e l e c t r o n s  (ye = 2000yp ) . The p o l a r i z a t i o n  in  
t h i s  reg io n  s p re a d s  through the  r e s t  of the  sample v ia  s p in  d i f f u s i o n .  
T h is  can r e s u l t  i n  a sp in  d i f f u s i o n  l i m i t e d  T* w ith  a weak tem pera tu re  
dependence.
Spin  d i f f u s i o n  is  th e  mechanism t h a t  e s t a b l i s h e s  a uniform s p in  
tem pera tu re  in  s t ro n g ly  coup led  d ip o la r  s p in  systems, w hich w i l l  r e s u l t  
i n  p u re ly  e x p o n e n t ia l  sp in  l a t t i c e  decay c u rv e s .
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2 .4 .3  R e la x a t io n  Times
I n  one of tlie  e a r l i e s t  and most im p o r tan t  papers  on r e l a x a t i o n  
t im es .  Bloembergen, Pound and P u r c e l l  (BPP) (Blo48) gave an e x c e l l e n t  
d e r i v a t i o n  of the s p i n - l a t t i c e  r e l a x a t i o n  t im e .  Tx , and the  s p in - s p in  
r e l a x a t i o n  tim e. Ta . They c o n s id e re d  the case o f  o v e r a l l  i s o t r o p i c  
m o lecu la r  r o t a t i o n .  As we remarked e a r l i e r ,  the  e x i s te n c e  of m o lecu la r  
m otions w i l l  provide randomly f l u c t u a t i n g  m agne tic  f i e l d s  t h a t  give r i s e  
to  sp in  p o l a r i z a t i o n  a long  II0 .
2 . 4 .3 . 1  S p in - L a t t i c e  R e la x a t io n  Time
For l i k e - s p i n  d ip o la r  co u p l in g  (Abr78) th e  g e n e ra l  Tx r e l a ­
t io n  fo r  a p a i r  of s p i n s  of gyrom agnetic  r a t i o  y ,  th a t  a re  s ep a ra ted  
by a d i s t a n c e  r ,  i s
T l 1  = (3 /2 )y 4 h 2 I ( I + l ) [ J 1 (td0 ) + J 2 (2(o0)}
(27)
where ia0  = yll0  and
J m(n(o0) = jGm(x) exp -{ino)0 x} dx
(28)
i s  the  s p e c t r a l  d e n s i t y  of the f l u c t u a t i n g  i n t e r n a l  m agnetic  f i e l d s  a t  
nw0 . The a u t o c o r r e l a t i o n  fu n c t io n  Gm(r)  i s  due to  the time depen­
dence of th e  s p a c ia l  fu n c t io n s  in  th e  d ip o la r  h a m i l to n ia n .  For random 
s t o c h a s t i c  motion, th e  a n a l y t i c  form of the a u t o c o r r e l a t i o n  fu n c t io n  
w i l l  be a dying e x p o n e n t i a l .  So th e  a u t o c o r r e l a t i o n  f u n c t io n
Gm(x) = J Fm( t )  Fm( t  + x) d t
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-  <Fm Fra> exp “ 1x1/x„
(29)
where xm i s  the  c o r r e l a t i o n  time a s s o c i a t e d  w ith  Fm g iv e n  by 
F° = ( 1 / r 3 ) (1 -  3cos 2 0)
F^ = ( l / r 2 ) ( s i n 0  cos 0  exp - i 0 )
F 2  = ( l / r ^ ) ( s i n 2 0  exp - i2 0 )
(30)
In  s p e c i a l i z i n g  t h i s  r e s u l t  to  r o t a t i o n a l  motion, r  i s  con s id e red  to  be 
c o n s ta n t .  Then the  s p a c ia l  averages  become
<F° F°*> = 1 2 /1 5 r6
<F1  F2*> = 2 /1 5 r 6
<F2  F2*> = 8 /1 5 r 6
(31)
S u b s t i t u t i n g  th e se  r e s u l t s  i n t o  e q u a t io n  29, where i t  i s  assumed th a t  
the  c o r r e l a t i o n  tim es are  independent o f  p a r t i c u l a r  s p a t i a l  fu n c t io n s  
and e q u a l ,  x '  = x x = x 2 , y i e l d s
G*(x) = (2 /1 5 r^ )  exp - I x l / x *
G2 ( x ) = (8/15r®)  exp - | x l / x * .
(32)
Using th e se  r e s u l t s  in  e q u a t io n  28 g iv e s  the  s p e c t r a l  d e n s i t i e s  as 
J ^ U o )  = ( 4 /1 5 r 6 ) { x / ( l  + w0 2 t 2)}
J 2 (2m0) = ( 4 /1 5 r 6 ) [ 4 x / ( l  + io 0 2 x2 )}
(33)
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F i n a l l y ,  s u b s t i t u t i n g  the s p e c t r a l  d e n s i t i e s  in to  e q u a t io n  27 and sum­
ming over a l l  p a i r s  of sp in s  i n  the sample g ives
2 X 4x
T I 1  = —  H* [ --------------- + -------------------]
1 -  9. 03 1 + Wo2 t: 2  1  + 4w0 2 ,c2
(34)
where Ma i s  the r o t a t i o n a l l y  averagab le  second moment. The minimum 
p r e d ic t e d  T* i s  1.05(o0/M2 when t  = O.6 l 6 io0 .
I f  th e re  a re  two r o t a t i o n a l  m otions  ( la b e le d  A and B ) , i t  can 
be shown th a t
T l 1  =  T : X (m £ , t a ) + t b )
(35)
where M2  i s  the  p a r t  of the r o t a t i o n a l l y  av e ra g ab le  second moment mod­
u l a t e d  by the A m otion  and M2  i s  the p a r t  modulated by the  B m otion .
For a d i s t r i b u t i o n  o f  m otional c o r r e l a t i o n  t im e s ,  Noack (Noa71) 
has shown th a t
2 . tD(t ) d r  tD(t ) d t
T-1  =  M2  [ f  + 4 f ----------'---------- 1
3 L J 1  + J, 1  + 4m0V  J
(36)
where the d i s t r i b u t i o n  of c o r r e l a t i o n  tim es D(r) i s  no rm alized  u s ing
1  = J  D (t)  d ( l n  x ) .
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2 . 4 .3 . 2  S p in -S p in  R e la x a t io n  Time
The s p in - s p in  r e l a x a t i o n  time T a i s  derived  (Abr78) under  es­
s e n t i a l l y  the  same assum ptions  used i n  th e  c a l c u la t io n  o f  Ta . So f o r  
two d ip o la r  coupled s p in s ,  where J n (n<o0 ) i s  the s p e c t r a l  d e n s i ty  a t
nio0  >
Assuming t h a t  x 0 = x x -  x z = x,  and th e  r e l a t i v e  m otions  
o f  the sp in  p a i r s  are u n c o r r e l a te d ,  th e  r e s u l t  may b e  extended to  in ­
c lude a l l  the sp in  p a i r s  i n  the sample. T h is  y ie ld s
f o r  a r o t a t i o n a l  motion m odulating a second  moment o f  Ma . The g e n e r ­
a l i z a t i o n  o f  Ta to  more th a n  one m o tion  or c o r r e l a t i o n  time i s  th e  
same as in  Ta ,
2 .4 .3 .3  R o ta t in g  Frame S p i n - l a t t i c e  R e la x a t io n  Time
In  an e x c e l le n t  p a p e r ,  A, R e d f i e ld  po in ted  o u t  th a t  the Bloch 
e q u a t io n s ,  which worked i n  l i q u id s ,  a re  inadequate f o r  the complete de­
s c r i p t i o n  o f  NtIR in  s o l i d  samples (Red55) . Experim ents by S l i c h t e r  and 
Bolton  ( S l i 6 l )  showed t h a t  the  decay o f  th e  m a g n e t iz a t io n ,  when a l ig n e d  
p a r a l l e l  to  IIX, i s  more l i k e  Tx than Ta . This experim en t measures 
the  s p i n - l a t t i c e  r e l a x a t i o n  time in  th e  r o t a t i n g  f ram e , TXp, p a r a l ­
l e l  to  the r o t a t i n g  r f  f i e l d .  The B lo c h  equations when app l ied  to  the
Ta _ 1  = y ¥ l ( I + l ) C ( 3 / 8 ) J 2 (2u0) + (1 5 /4 )J1 (m0 > +
( 3 / 8 )J ° (0)} .
(37)
(38)
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experim ent where the  m a g n e t iz a t io n  i s  a l ig n e d  p a r a l l e l  to  IIX i n  the 
r o t a t i n g  frame, p r e d i c t  a decay time of Ta .
A p p ro p r ia te  c a l c u l a t i o n s  o f  TXp have been done by s e v e ra l  
a u th o rs .  Chihara (Sod74) c a l c u l a t e d  Tx^ by t ra n s fo rm in g  th e  sp in  
h a m il to n ia n ,  e q u a t io n  17, i n t o  the  r o t a t i n g  frame us ing  the u n i t a r y  op­
e r a t o r  U = exp - { im lz t } . For o v e r a l l  r o t a t i o n a l  motion of two d ipo­
la r - c o u p le d  sp ins
3
T lJ    y 4 H2K I  + 1) {J°(2<o1) + lO J1 ^ )  + J 2 (2io0) )
8  (39)
in  the weak c o l l i s i o n  l i m i t  ( t  << Ta® ^), and f o r  Hx > HL the  lo c a l  
f i e l d .  The lo c a l  f i e l d  11^  = [ (1 /3 )M 3 J 2 ^ 2  ( S l i 6 1 ) ,  and where 
u x = yHx , assuming a s in g le  e x p o n e n t ia l  r o t a t i o n a l  c o r r e l a t i o n  
fu n c t io n .  Summing over  a l l  the  sp in s  g iv e s  Tx i n  terms of the  r o -
r
t a t i o n a l  c o r r e l a t i o n  time r  and the  r o t a t i o n a l l y  av e ra g ab le  second mo­
ment. The r e s u l t  i s
1 3 r  5t 4t
P 3 1 + 4 m A 2  1 + m0 2 r 2  1 + 4w0 2 t 2 ^
(40)
This  p r e d i c t s  a minimum a t  TXp = 4.0<ox/Mx when x =
0 .5 u x , The in c lu s io n  of two m otions  and d i s t r i b u t i o n s  of r o t a t i o n a l  
c o r r e l a t i o n  times i s  the  same as was done fo r  Tx .
2 . 4 . 3 . 4  D ip o la r  F i e l d  S p i n - l a t t i c e  R e la x a t io n  Time
There i s  one o th e r  s p i n - l a t t i c e  r e l a x a t i o n  time t h a t  i s  ty p i ­
c a l l y  measured, th e  s p i n - l a t t i c e  r e l a x a t i o n  in  the  i n t e r n a l  f i e l d s .
\
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Ti d * Measurements of were made by tu rn in g  down the  a p p lied
f i e l d  (Abr58, S tr64) or by removing the sample from the magnetic f i e l d  
(Jon67) . O thers  showed t h a t  can be measured in  the  r o t a t i n g  frame 
w ith o u t removing the sample from the Zeeman f i e l d  (S l i6 1 ,  And62, S te 7 3 ) . 
J e e n e r  showed t h a t  a simple th ree  pu lse  sequence can be used to  measure 
TX 0  in  the Zeeman f i e l d  (Jee67) . In  the  slow motion l i m i t ,  x > 
f o r  r o t a t i o n a l  motion
Tip  ~ ( 1  — p)
(41)
where p i s  the p r o b a b i l i t y  th a t  a f t e r  one jump the  lo c a l  f i e l d s  w i l l  be 
unchanged.
2 .5  CARBON-13 NMR
R eca ll  from Table 1 th a t  carbon-13 i s  a 1.1% n a t u r a l l y  occuring 
i s o to p e .  Since p ro to n s  are  100% s p in  b e a r in g ,  the  p ro to n  sp ins must be 
in c lu d ed  in  the  h a m il to n ia n  fo r  carbon s p in s .  The sp in  h a m il to n ia n  fo r  
carbon-13 NMR experim ents  i s
II = n |  + h|  + n | f  + H | f  + hJ j  + hJ s + ngs  + h| s . (42)
The f i r s t  f iv e  terms a re  the f a m i l i a r  Zeeman (e q u a t io n  1 8 ) ,  r f  (eq u a t io n  
19) and d ip o la r  (e q u a t io n  20) te rm s, w ith  a p p ro p r ia te  s u b s t i t u t i o n s  for 
the  S s p in s .  The l a s t  te rm , Hgg» i s  s u p e r f i c i a l l y  l ik e  Hj j , but i t  w i l l  
be argued  l a t e r  t h a t  t h i s  i s  not the  case because of the presence of the
pc n
a n i s o t r o p i c  chemical s h i f t  term, Ilg and Hjg. (With h in d s ig h t  the  l a s t  
fo u r  terms in  eq u a t io n  42 have been l i s t e d  in  descending o rder of t h e i r  
s i z e . )
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2.5.1 Pnlike-snin Hamiltonian
The u n l i  “i - s p in  h a m i l to n ia n ,  a r i s i n g  from th e  i n t e r a c t i o n
between Nj sp in s  c f  sp.ln I  and Mg s p in s  of s p in  S, i s
N M 1 3 ( 1 - - ^ . J ( S  - x .  _)
H?s -  W *  5  5  [ — F i -
where the  a p p l ie d  DC m agnetic  f i e l d  d e f in e s  th e  z - a x i s  and r ^ s i s  the 
i n t e r  s p in  v e c t o r ,  between the i ^  I  sp in  and the  s ^  S s p in .  The un- 
l i k e - s p i n  h a m il to n ia n  can be s e p a ra te d  by a s im i la r  p rocedu re  as  used 
fo r  l i k e - s p i n s ,  g iv in g
N M 1
HIS -  y i ' ' s * 2l  5  [ --------------+ B + C + D + E + F]
i = l j = l  r i s
The term s A -  F a re  denoted  as
A "  ( 1  -  3cos^ 0 i s ) I z SZs '
B -  - 1 /4 ( 1  -  3cos 2  6 i s ) ( l t s “  + S+I~),
C = D* = - 3 / 2  s in  0 . s cos 0 . , ,  exp ( i  0 i s ) U z i  S+ + Sz s I . +) .
E = F* = - 3 / 4  s in 2  0 . ,  exp ( i 2 0 . )  ( i t  S+> '
1  1  S (44)
4* +where I - ,  S- are  the c o n v en t io n a l  r a i s i n g  and low ering  o p e ra to r s  and the 
s t a r  deno tes  th e  complex c o n ju g a te .  Only the  A term commutes w i th  the 
carbon Zeeman h a m il to n ia n  and th e r e f o r e  i s  s e c u l a r .  The o th e r  te rm s a l l  
do no t conserve energy and are  n o n - s e c u la r .  The second moment a r i s i n g  
from the d ip o l a r  i n t e r a c t i o n s  fo r  S sp in s  (carbon) in  th e  p resence  of I  
s p in s  (p ro ton )  due to  the  s e c u la r  p a r t  of the d ip o l a r  h a m il to n ia n  i s
2.5.2 Anisotropic Chemical Shift
The chemical s h i f t  in  m o lecu la r  s o l id s  a r i s e s  from the  response  
of the e l e c t r o n s  to  the  a p p l ie d  f i e l d  H0 . The p resen ce  of H0  induc­
es small n e t  c u r r e n t s  in  the bonding e l e c t r o n s .  The induced c u r r e n t s ,  
in  t u r n ,  c r e a te  m agnetic  f i e l d s  a t  the sp in  s i t e s  and the magnitude and 
d i r e c t i o n  of the f i e l d s  a t  the n u c le i  w i l l  depend on the  p o s i t i o n  of the 
nu c leu s  r e l a t i v e  to  the  c u r r e n t s  p a th .
fo rm a l ly  t r e a t e d  by S l i c h t e r  ( S l i8 0 ) ,  Abragam (A br78), Ramsey (Ram56), 
Bloembergen and Rowland (B lo53),  and o th e r s  (D ied ) .  Ramsey w rote down a 
form al s o lu t io n  f o r  the  induced m agnetic  f i e l d  a t  a n u c le u s .
where the sum runs over the e l e c t r o n s .  The induced c u r r e n t  due to  the
The c a l c u l a t i o n  of frequency  s h i f t s  in  the  h igh  f i e l d  l i m i t  i s
1  * Jo * * ? .)
(46)
e l e c t r o n  i s  g iven  by
2 mi me
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d r '  = d r . . . . d r -  1 d r . +1 . . . d r M
J J (47)
where i s  the  N e l e c t r o n  wave fu n c t io n  in  the  p resence  of H0 , and 5  = 
( 1 / 2 ) U q x  ( ? j  -  E ) .
For o rg an ic  m o lecu le s ,  even small ones l i k e  g ly c e r o l ,  t h i s  c a l ­
c u l a t i o n  can be a fo rm id ab le  t a s k ,  bu t s e v e r a l  f a c t s  emerge from the  
th e o ry .  The chemical s h i f t  i s  l i n e a r  in  U„, i t  w i l l  depend on the mo­
l e c u l a r  o r i e n t a t i o n  w ith  r e s p e c t  to  H0 , and f o r  a s o l id  t h a t  i s  o r i e n -  
t a t i o n a l l y  d i s o r d e r e d ,  th e  observed  spectrum  w i l l  be w eigh ted  acco rd ing  
to  the  p r o b a b i l i t y  d i s t r i b u t i o n  of m o lecu la r  o r i e n t a t i o n s .  Using a mod­
e l  t h a t  assumes u n ia x ia l  symmetry and o^ > , Bloembergen and
Rowland c a l c u l a t e d  spectrum  shown in  F ig .  1 . The a n g u la r  dependence of 
the  a n i s o t r o p ic  chemical s h i f t ,  r e l a t i v e  to  the  i s o t r o p i c  ( l iq u id )  r e s o ­
nance frequency  w0 , i s
w<0) -  w0  sa (o0 Act (cos^  0 ~ { 1 /3 } ) ,
(48)
where 0 i s  th e  angle  between the m o lecu la r  a x i s  and H0 , and Act i s  
the  chem ical s h i f t  a n i so t ro p y  o() -  a^ . E x p e r im en ta lly
b>oAo/2n, th e  chemical s h i f t  l in e w id th  fo r  g ly c e r o l ,  i s  found to 
be ~ 1 KHz a t  w0 /2n  = 2 0 .8  MHz. By way of com paris ion , th e  inho- 
mogeneous d ip o l a r  l in e w id th  from the ca rbon -ca rbon  i n t e r a c t i o n  i s  found 
to  be ~ 70Hz a f t e r  removing the  b roaden ing  due to  the  ca rb o n -p ro to n  
d ip o l a r  i n t e r a c t i o n  (Kuh82).
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F igu re
UNIAXIAL POWDER PATTERN
I(cr)O C(<j-cr7 2
FOR oj^cKa^
=0 ELSEWHERE
: Powder p a t t e r n  f o r  an a x i a l l y  symmetric chem ical s h i f t  te n so r
w ith  cr|( < . The o r i e n t a t i o n  and freq u en cy  are
connec ted  through eq u a t io n  4 8 .
2.5.3 Carbon Linewidth in the Rigid Lattice
Now we a re  in  a p o s i t i o n  to  e v a lu a te  the second moment of the 
ca rb o n s .  The e x is te n c e  of the  chemical s h i f t  w i l l  l i f t  the  degeneracy  
of the  carbon s p in  s t a t e s  so i t  i s  a p p ro p r ia te  to  c o n s id e r  them as 
s e m i - l ik e  sp ins  <Van79). The r e s u l t  of t h i s  i s  to  make terms l i k e  S t  s j  
non-energy  co n s e rv in g .  Hence the s e c u la r  h a m il to n ia n  of the  carbon 
sp in s  i s
TlTS l 2  1  ,
„ ------------- 5  a  -  3 cos 0 i g ) I z i Szs
2  i - l  r i s 3
S=1
Yg2fi2 MM 1 
+ — J (1 - 3 cos 2 ey) sziszj
2 £ r«
M
+ YgiHo 5 S ^i
i=l
N M
-  YjJlHo £ Izi “ Yg]iHo 5 Szi 
i=l i=l
(49)
The observed  second moment, u s ing  the  r e s u l t  from e q u a t io n  45 , and de­
n o tin g  i t  an Ma * g iv e s
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However t h i s  i s  no t th e  whole s t o r y .  I t  has been shown th a t  
the  p ro to n -c a rb o n  d ip o la r  h a m il to n ia n  can be fo rced  to  ze ro  by an in ­
te n se  r f  i r r a d i a t i o n  a t  <dj(Pin70). The e f f e c t  of t h i s  i r r a d i a t i o n  i s  
to  induce r a p id  I  s p in  f l i p s  ave rag in g  I _ i ,  the z-component of the  p ro -  
ton  s p in s ,  to  z e r o .  This l e a v e s  only the  ca rbon -ca rbon  and a n i s o t r o p ic  
chem ical s h i f t  i n t e r a c t i o n s  c o n t r i b u t in g  to  the carbon-13 l in e w id th .  
These two terms a re  fundam en ta l ly  d i f f e r e n t ,  as  can be seen by c o n s id e r ­
ing th e  e f f e c t  o f  a 180 degree  p u lse  on th e  s e c u la r  h a m i l to n ia n s .  S ince 
the d ip o le - d ip o le  term i s  b i l i n e a r  in  Sz , a 180 degree p u lse  w i l l  i n v e r t  
b o th  s p in s ,  le a v in g  the h a m il to n ia n  unchanged. However the chemical 
s h i f t  term i s  l i n e a r  in  Sz> so a 180 degree  carbon p u lse  w i l l  i n v e r t  the 
s p in  p r o j e c t i o n ,  which w i l l  change the s ig n  o f  the h a m il to n ia n .  The in ­
v e r t i b l e  h a m il to n ia n s  g ive  r i s e  to  ' inhomogeneous' l i n e w id th s .  
(Inhomogenous l in e w id th s  were f i r s t  seen as  r e s u l t i n g  from inhomogenous 
m agnetic  f i e l d s . ) (Blo48) The n o n - i n v e r t i b l e  h am il to n ian s  (by c o n t r a s t )  
g iv e  r i s e  to  homogeneous l i n e w id th s .  The a n i s o t r o p ic  chemical s h i f t  
c o n t r i b u t i o n  to  th e  second moment ( i n  g ly c e r o l )  i s  much l a r g e r  th an  the 
ca rbon  l i k e - s p i n  c o n t r i b u t i o n  to  the  second moment. Such an inhomogene- 
o u s ly  broadened  l i n e  may be c o n s id e re d  to  be composed of a group o f  ho­
mogeneous l i n e s  ( isoch rom ates)  t h a t  are s h i f t e d  in  frequency  r e l a t i v e  to  
each o th e r  by the  inhomogeneous i n t e r a c t i o n .  These inhomogeneous f r e ­
quency s h i f t s  ( i n  g ly c e ro l )  a r e  due to  a n i s o t r o p i c  chemical s h i f t s .  
C onsequen tly  the observed  second moment or the  l in e w id th  in  g ly c e ro l  un­
de r  v igo rous  p ro to n  sp in  s t i r r i n g  i s  due to  a n i s o t r o p i c  chemical s h i f t .
2 . 5 . 4  Carbon S p in - L a t t i c e  R e la x a t io n
The s p i n - l a t t i c e  r e l a x a t i o n  tim e fo r  the carbon s p in s  i s  due to  
th r e e  i n t e r a c t i o n s .  In  o rg a n ic  samples t h a t  have la rg e  a n i s o t r o p i c  
chem ica l s h i f t s ,  they  a re :  the  IS d ip o le  i n t e r a c t i o n ,  the a n i s o t r o p i c  
oR0S chemical s h i f t  i n t e r a c t i o n ,  and th e  SS d ip o le  i n t e r a c t i o n .  In 
sam ples where the  m o lecu la r  motions a re  slow, th e s e  i n t e r a c t i o n s  w i l l  
r e s u l t  in  a long carbon Tx .
C hapter  I I I  
SPECTROMETER
The sp ec tro m e te r  used in  th e s e  experim en ts  was a hom ebu ilt ,  
h igh -pow er,  computer c o n t r o l l e d ,  p u l s e  s p e c tro m e te r ,  w ith  two phase de­
t e c t i o n .
3 .1  MAGNETS
Two magnets were used , a low impedance V ar ian  V-3900 and a h ig h  
impedance V a r ia n  V-4012HR. Both a re  i r o n -c o re  m agnets.
3 . 1 . 1  Low Impedance Magnet
The low impedance magnet has  a maximum f i e l d  of 20 EG, a gap of
3 .5  cm, and ta p e re d  p o le  caps .  The H0  ihhom ogenity i s  c o r r e c t e d  using  
shim c o i l s .  The c u r r e n t ,  200 amps maximum a t  60 v o l t s ,  i s  c o n t r o l l e d  by 
59 pass  t r a n s i s t o r s  in  p a r a l l e l .  The f i e l d  r e g u l a t i o n  fo r  the  g ly c e ro l  
experim en ts  used  a H all p ro b e ,  which was o r i g i n a l  equipment, and an ex­
t e r n a l  NMR f i e l d - f r e q u e n c y  lo c k e r ,  w hich w i l l  be  d is c u s se d  i n  d e t a i l  
l a t e r .  For th e  cyc lohexano l experim en ts  the f i e l d  s t a b i l i t y  c o n t ro l s  
were m odified  to  be a com bination of c u r re n t  r e g u l a t i o n ,  f l u x  lock ing  
( f o r  short  te rm  s t a b i l i t y )  and NMR f i e l d - f r e q u e n c y  lock ing  ( f o r  long 
te rm  s t a b i l i t y )  . The c u r r e n t  r e g u l a t o r  c o n t ro l s  the  bank o f  59 pass  
t r a n s i s t o r s  by measuring th e  v o l tag e  a c ro s s  a 1 /3  ohm r e s i s t o r  in  s e r i e s  
w i th  each e m i t t e r .  The r e s u l t i n g  v o l t a g e s  a re  summed (averaged )  and th e
- 37 -
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r e s u l t  i s  compared to  a r e f e r e n c e  v o l t a g e ,  g e n e ra te d  by a b a t t e r y  and a 
v o l t a g e  d iv i d e r  network. The d i f f e r e n c e ,  o r  e r r o r ,  i s  a m p li f ie d  and fed  
back  to  the  p a s s  t r a n s i s t o r  bank in  p la c e  of the  e r r o r  s ig n a l  from the 
H a l l  p robe .
3 . 1 . 2  High Impedance Magnet
The h ig h  impedance magnet has a gap o f  4 .5  cm. I t s  maximum 
f i e l d  i s  15 KG fo r  the maximum c u r r e n t ,  2 amps a t  2 .5  KV. The power 
su p p ly  uses a v a r i a c  f o r  course v o l ta g e  c o n t ro l  and a bank of 8  pass 
tu b e s  in  p a r a l l e l  as a s e r i e s  r e g u l a t o r .  The com m ercially  i n s t a l l e d  
equipment in c lu d ed  c u r r e n t  r e g u la t i o n  and f lu x  lo c k in g .  We added the 
e x t e r n a l  NMR f i e l d - f r e q u e n c y  lo c k e r  to  in c re a s e  long term s t a b i l i t y  of 
th e  m agnetic f i e l d .
3 .2  LOW IMPEDANCE FLUX LOCKER
The f l u x  lo c k e r  c o n s i s t s  of two p a i r s  of Hemholtz c o i l s  wound 
c o a x i a l l y  and p laced  around the  p a le  fa c e s  of the  magnet. One p a i r  of 
th e  c o i l s  c a l l e d  the p ickup c o i l s  ( 2 0 0 0  t u r n s ) ,  i s  used to  d e t e c t  the 
f l u c t u a t i o n s  o f  the m agnetic  f i e l d .  The d e te c te d  s ig n a l  i s  then  ampli­
f i e d ,  and time in t e g r a t e d .  The a m p li f ie d  s ig n a l  i s  fed  back to  the sec­
ond p a i r  of c o i l s ,  the buckout c o i l s  (500 t u r n s ) ,  in  a n e g a t iv e  feed­
back  arrangem en t.  The time in t e g r a t e d  s ig n a l  i s  s e n t  to  the magnet 
power supply to  be fed in t o  the e x i s t i n g  feedback  c i r c u i t .  The feedback 
to  th e  magnet power supply  reduces  the long time burden  on the  bucout 
c o i l s .
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3.3 NMR FIELD-FREQPENCY LOCKER
The reaso n  one cannot r e ly  only  on f lu x - lo c k in g  c i r c u i t s  to  
s t a b i l i z e  the f i e l d  i s  t h a t  slow d r i f t s  of the  DC f i e l d  w i l l  induce 
v o l t a g e s  t h a t  are below the a m p l i f i e r  n o i s e > and so w i l l  be ig n o red .  
Viewed a n o th e r  way. a m p l i f i e r  d r i f t s  and n o is e  produce slow f i e l d  
d r i f t s .  Our s o lu t i o n  was to  use an e x t e r n a l  NMR lo c k e r  to  fo llow  these  
slow d r i f t s .  The NMR lo ck  sample i s  F*® in  CSF S, a l i q u i d  a t  room 
te m p e ra tu re s .  I t  i s  h e a v i ly  doped w ith  DPPH and TEMPO, bo th  s t a b l e  f re e  
r a d i c a l s  ( in p a i r e d  e l e c t r o n s ) .  Enough DPPH and TEMPO was added so th a t  
Tj. was reduced  to  ~ 20 m i l l i s e c o n d s .  The NMR lo c k e r  s ig n a l  i s  p ro ­
duced by i r r a d i a t i n g  the  sample w ith  a con tinuous  s e r i e s  of p u ls e s  of 
am plitude Ha and le n g th  t ,  spaced  a t  i n t e r v a l s  of X,  The s tead y  
s t a t e  re sponse  of th e  m a g n e t iz a t io n  to  these  p u lse s  i s  the same as i t  
would be to  c o n s ta n t  i r r a d a t i o n  w ith  a lower r f  f i e l d ,  g iven  by,
Hx * = Hx| .
(51)
S ince  the sample i s  a l i q u i d ,  th e  s te a d y  s t a t e  response  i s  p re ­
d i c t e d  by the Bloch e q u a t io n s .  In  the r o t a t i n g  frame the  m a g n e tiz a t io n  
i s
Mx = Y2 h I V T a 2 CM0  
My = y iv  TaCM0
M = {1 + (yhTa ) 2 }CM0
(52)
where
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C = ( l+ (yhTa )2 +(yH1 ' ) 2T1 Ta }-1  and h = H0 + 
mr f / y .
The phase of the x f  p u l s e s  i s  a l t e r n a t e d  by 180 deg ree s  every 
o t h e r  r f  p u l s e .  Th is  p roduces  a f o u r i e r  spectrum w i th  components a t  f  = 
n / r ,  n odd. The c a r r i e r  a t  f 0 and the  even s idebands  ( th e  compo­
n e n t s  w i th  even v a lu e s  o f  n) are su p re s se d  by the phase a l t e r n a t i o n  
scheme. The magnetic  f i e l d  i s  a d j u s t e d  so th a t  ypH0 = f 0 -  f ,  or  
the  sp in s  a re  d r i v e n  by t h e  f i r s t  lower s ideband .  S ince  the p u l s e  spac­
ing x d e te rm ines  f ,  the d r i v i n g  f r equency  of  the s p in s  can be a d j u s t e d  
by v a ry ing  x or  f  0 , the b a s i c  r f  f r e q u e n c y .  A l i q u i d  sample i s  used 
so the wid th  of  the  NMR l i n e  (Af) i s  l e s s  than  2 f ,  t h e  s ideband s p a c -  
i n g s .  Hence the sp ins  respond  only  to  one sideband.
The r e c e i v e r  i s  g a ted  on on ly  between p u l s e s  and d e t e c t s  the
sp in s  response  a t  f 0 -  f .  The c o n d i t i o n  Af << f  says t h a t  the sp in  
system w i l l  ' r i n g '  for  much longer  than  the time between p u l s e s .  So 
t h i s  i s  a ' c o n t i n u o u s  wave'  exper iment .
Phase s e n s i t i v e  d e t e c t i n g  the  r e c e i v e r  ou tpu t  M(t) a g a i n s t  f„ 
g iv e s  a b e a t  no te  a t  f .  Hence the audio  s ig n a l  ( f )  has  a p e r i o d  equal 
to  2t the  time between the  0 = 0  (ox 0 = 180) degree t r a n s m i t t e r  p u l s ­
e s .
Phase s e n s i t i v e  d e t e c t i n g  the audio  s igna l  by phase i n v e r t i n g
i t  dur ing  every  o t h e r  h a l f  cyc le  y i e l d s  a s igna l  t h a t ,  when t i m e - a v e r ­
aged,  w i l l  y i e l d  z e ro  fo r  ex a c t  r e s o n an ce ,  yH0 = f 0 -  f .  When the  
s p in s  are o f f - r e s o n a n c e  t h e i r  response w i l l  be p h a s e - s h i f t e d  because  of 
d i s p e r s i o n ,  making the t ime average of  the phase d e t e c t e d  audio  s ig n a l  
no n -z e ro .  The s i g n  and magnitude o f  the t im e-ave raged  s ig n a l  w i l l  t e l l
41
how f a r  and in  which d i r e c t i o n  the f i e l d  has  moved. The v o l t a g e  c o r r e ­
sponding to  the  t im e-ave raged  s i g n a l i s  sen t  to the f lu x  s t a b i l i z e r ,  then  
on to  the  magnet power supp ly .
To p re v e n t  d r i f t s  of the  r f  f requency  used  i n  the  lo c k e r  r e l a ­
t i v e  to  the main s y n t h e s i z e r ,  t h e  r f  i s  i n j e c t i o n  locked  to  the main 
s y n t h e s i z e r ' s  1 or  5 MHz o u tp u t .
3 . 4  SHIM COILS
We mentioned e a r l i e r  t h a t  the 20 KG, DC magnetic  f i e l d  was i n -  
homogeneous, an e x p e r im en ta l  d e t a i l  t h a t  we have been ig n o r i n g .  The in ­
homogeneity would normal ly  g ive  r i s e  to  b road ing  o f  the NMR l i n e  shape.  
But the shim c o i l s  are used to  produce  g r a d i e n t s  t h a t  oppose the g r a d i ­
e n t s  due to the inhomogenity of  H0 . The shim c o i l s  are used to  co r ­
r e c t  f o r  f i e l d  inhom ogen i t ie s  up to  second o rd e r .  The homogeneity r e ­
qu i rem ents  are most s eve re  i n  the g l y c e r o l  exper iments  t h a t  used 
s p e c t r a l  h o l e -b u r n i n g .  These exper iments  r e q u i r e d  t h a t  AH0 , the 
v a r i a t i o n  i n  H0 over  the sample volume, must s a t i s f y  yAH0
cs« ^ R L '  the d i s t r i b u t i o n  resonance  f r e q u e n c i e s  due to a n i s o t r o p i c  
chemical  s h i f t .
3 .5  THE RF: FREQUENCY GENERATION AND TRANSMITTERS
The main r f  s e c t i o n s  of  the spec t rom e te r  use two or th r e e  f r e ­
qu e n c i e s ,  depending on the  exper im en t .  Two f r e q u e n c i e s  a re  used fo r  
s i n g l e  resonance  exper iments  and t h r e e  f r e q u e n c i e s  f o r  double  resonance 
expe r im en t s .  The f r e q u e n c i e s  a re  g en e ra te d  by a General  Radio s y n th e s ­
i z e r  and by a c r y s t a l - c o n t r o l l e d  o s c i l l a t o r .  The s y n t h e s i z e r  g e n e ra te s
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the  1 or  5 MHz s i g n a l  used  by the NMR f i e l d - f r e q u e n c y  lo c k ,  the  30 MHz 
used  as the  i n t e r m e d i a t e  f requency  ( I F ) ,  and f 0 + 30 MHz used as the  
main f r equency .  For double re sonance  exper iments  the p ro to n  f requency 
i s  g en e ra te d  by the c r y s t a l  c o n t r o l l e d  o s c i l l a t o r  (41.46  MHz), so t h a t  
the  s y n t h e s i z e r  can be used f o r  the carbon f requency .  Block diagrams 
f o r  the r f  c i r c u i t s  f o r  both  s i n g l e  and double resonance  exper iments  a re  
shown in  F i g s .  2 and 3.
The sp e c t ro m e te r  i s  a fo u r -p h ase  pu lse  s p e c t r o m e te r .  The r f  
ph as in g  and g a t in g  i s  done a t  30 MHz. This  i s  then  he t rodyned  i n  a s i n ­
g l e  s ideband  t r a n s m i t t e r  a g a i n s t  f 0 + 30 MHz. The r e s u l t i n g  phased 
and g a ted  r f ,  a t  f 0, i s  a m p l i f i e d  by power t r a n s m i t t e r s .  A c l a s s  A,
300 w a t t  con t inuous  du ty  c y c l e ,  i s  used fo r  f r e q u e n c i e s  l e s s  than  30 
MHz. A tw o - s t a g e ,  tuned ,  c l a s s  C tube  a m p l i f i e r  (us ing  4CX s e r i e s  t e t ­
rodes )  w i th  a 10 w a t t  broadband a m p l i f i e r  i s  used f o r  the double r e s o ­
nance p ro to n  f requency ,  f 0 = 83 MHz. The DC power s u p p l i e s  f o r  the 
3E29 used in  the f i r s t  s t a g e ,  have upper l i m i t s  of  250V on the sc reens  
and 800V on the p l a t e s .  The 4CX250s used i n  the ou tpu t  s tage  has l i m i t s  
of  500 V on the  s c re e n s  and 2 IV on the  p l a t e s .
The r f  p u l s e  l e n g th s  are s e t  us ing one -sho t  p u l s e r s  b u i l t
around 555 and 74121 t iming  c h i p s .  Y/ai ting i n t e r v a l s  or  p u l s e  l e n g th s  
t h a t  a re  v a r i e d  du r ing  a s i n g l e  exper im en t ,  f o r  example the s p in  lock ing
p u l s e  in  Tip e x p e r im en t s ,  a r e  c o n t r o l l e d  by t iming  programs i n  the
Apple I I  microcomputer .
The r f  p u l s e  ampli tude in  one exper iment  ( s p e c t r a l  h o le  burn­
ing) must be changed dur ing  the  course of  a s i n g l e  p u l s e  sequence .  This  
i s  ach ieved  by p l a c i n g  a c u r r e n t - c o n t r o l l e d  a t t e n u a t o r  (a d o u b le -b a l -
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RF Block Diagram, Single Resonance
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F ig u re  2: Block diagram of the s p ec t ro m e te r  used i n  the s in g le
frequency  exper im en ts .
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RF BlocK Diagram, Double Resonance
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F ig u re  3: Block diagram of  the sp e c t ro m e te r  used  in  the  double
resonance (p ro tons  and ca rbons)  exper im en t s .
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anced mixer) i n  f r o n t  of  the c l a s s  A a m p l i f i e r ,  or  by c o n t r o l l i n g  the  DC 
s c r e e n  vo l t a g e  on the 4CX250 f i n a l  s tage .
A s i n g l e  c o a x ia l  cab le  i s  used t o  connect the  probe to the r f
t r a n s m i t t e r s  and p r e a m p l i f i e r s .  To i s o l a t e  the d i f f e r e n t  r f  components
( i . e . ,  the r e c e i v e r  dur ing  t r a n s m i t ,  or  the  t r a n s m i t t e r  du r ing  r e c e i v e ) ,
we used  p a s s iv e  swi tch ing  ( c ro s s e d  diodes)  and q u a r t e r  wave t r a n fo rm e rs  
(Fuk81) . Q ua r te r  wave c a b l e s  have the p r o p e r t y  t h a t  the i n p u t  impedance 
= Z02/Zj. where Z0 i s  the  c h a r a c t e r i s t i c  cable impedance and Zj, 
i s  th e  t e rm in a t in g  impedance.
3 .6  PROBES
The b a s i c  c i r c u i t  used i n  NMR p robes  is  th e  LC ta n k  c i r c u i t .  
The inpu t  impedance of  a p a r a l l e l  tank  c i r c u i t  i s  h i g h ,  t y p i c a l l y  1000 
ohms. The t r a n s m i t t e r s  have 50 ohm output  impedances and the  p ream pl i ­
f i e r s  have 50 ohm inpu t  impedances.  So impedance matching schemes a re  
needed .  One such scheme i s  to  use c a p a c i t i v e  coup l ing  (Kan80, Cro76 ) .  
For double  resonance  we used two such c i r c u i t s  back t o  back.  The o t h e r  
impedance matching scheme we used was t r an s fo rm e r  coup l ing  of  the t r a n s ­
m i t t e r  and the  LC tank  c i r c u i t .  This  c i r c u i t ,  which  had d i f f e r e n t  
t r a n s m i t  and r e c e i v e  l i n e s ,  used a high in p u t  impedance preamp. This  
c i r c u i t  a l so  had a Q -sw i tch .
The Q, or  q u a l i t y ,  of  a tuned c i r c u i t  is  d e f in e d  as the number 
of  r a d i a n s  r e q u i r e d  f o r  the power ( the squa re  of th e  v o l t a g e )  to  decay 
to  1 / e of i t s  i n i t i a l  v a l u e .  Q i s  given by wL/r = 1/wCr,  where w 
i s  2 n f , f  i s  the  c h a r a c t e r i s t i c  frequency o f  the LC c i r c u i t ,  and r  i s  
the s e r i e s  ohmic r e s i s t a n c e  of  the c i r c u i t .  C i r c u i t s  of h ig h  Q have
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narrow band w id th s ,  which he lps  in  achiev ing  h igh  II,.. But h igh Q c i r ­
c u i t s  r e q u i r e  long t imes t o  r ing  down a f t e r  an r f  pu lse  to l e v e l s  such 
t h a t  the NMR s ig n a l  i s  o b s e rv a b le .  A method to  reduce t h i s  r i n g  down 
t ime,  which i s  q u i t e  long a t  low f r e q u e n c i e s ,  i s  to  switch  an a d d i t i o n a l  
r e s i s t i v e  element i n t o  the LC c i r c u i t  dur ing  r i n g  down (Can77) . This  i s  
the  p r i n c i p l e  of the  Q-switch .
3 .7  PREAMPLIFIERS
We used two types of p r e a m p l i f i e r s  in  these  exper iments ,  50 ohm 
inpu t  impedance p r e a m p l i f i e r s  and a high  (~ 1000 ohm) inpu t  impedance 
p r e a m p l i f i e r .  P r e a m p l i f i e r s  are low n o i s e ,  h igh  gain a m p l i f i e r s ,  which 
o pera te  at f 0 • Since preamps,  even with  the p r o t e c t i o n  p rov ided  by 
the pa s s iv e  sw i tch ing ,  a re  su b je c t e d  to  1 v o l t  p u l s e s  dur ing  t ransm i t  
they  must be able to  recover  qu ick ly  from s a t u r a t i o n .  We used four  d i f ­
f e r e n t  preamps in  the se  exper iments ,  a commercial preamp with  30 dec ibe l  
ga in  t h a t  r ecove red  slowly from s a t u r a t i o n ,  two homebuil t ,  tuned preamps 
with  ~ 30 d e c i b e l  g a in  t h a t  ope ra te  a t  83 MHz and 21 MHz and one home- 
b u i l t ,  wide band,  h ig h  impedance preamp. The homebui l t  preamps did  not 
have exce ss ive  recovery  problems.
3 .8  RECEIVER BLOCKING
In  a l l  pu lse  NMR exper iments  the  e a r l y  p a r t  of the FID i s  ob­
scured  by the r f  p u l s e ,  by the r i n g i n g  down of the  LC ta nk  c i r c u i t  from 
the p u l s e ,  and by the r ecove ry  of the preamp from s a t u r a t i o n .  All  of 
these  e f f e c t s  are lumped t o g e th e r  and c a l l e d  r e c e i v e r  b lock ing  (Fuk81) . 
The r e c e i v e r  b lock ing  cannot be e l im i n a t e d ,  bu t  i t s  e f f e c t s  can be mini -
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mized by Q -sw i tch ing  ( a c t i v e  s w i t c h i n g ) ,  diode p r o t e c t i o n  ( p a s s iv e  
sw i tch ing )  and the  use of f a s t  r ecove ry  preamps.
Rece iver  b loc k ing  c r e a t e s  problems i n  da ta  r e d u c t i o n .  Such as 
i n  de te rm in ing  the second moment us ing  e q u a t io n  26 (which r e q u i r e s  
knowledge of  the FID a t  ze ro  t ime) and i n  f o u r i e r  t r an s fo rm  NMR where 
the ze ro  time s ig n a l  ( t h e  0 ^  moment) de te rm ines  the a rea  under the ab­
s o r p t i o n  spectrum in  the f o u r i e r  t r a n s fo rm .  The h ighe r  moments a re  a l so  
im por tan t  because they de te rmine  the shape of  the a b s o r p t i o n  curve .
3 .9  RECEIVER
The r e c e i v e r  used i n  th e s e  exper iments  i s  a g a ted ,  s u p e r h e t e r o ­
dyne (30 MHz I F ) ,  v a r i a b l e  g a in  a m p l i f i e r  w i th  in -phase  and q u a d ra tu re  
phase d e t e c t i o n .  The a m p l i f i c a t i o n  and phase d e t e c t i o n  i s  done a t  30
MHz. The ou tpu t  i s  a t  audio  f r e q u e n c i e s  in  two q u a d ra tu r e  phase .
The audio  s ig n a l  i s  smoothed by an RC f i l t e r  to  reduce  the high
frequency  no ise  and e l im i n a t e  any 30 MHz le ak ag e .  The RC f i l t e r  has 
v a r i a b l e  time c o n s t a n t s ,  w i th  e i t h e r  6 or  12 d e c i b e l s  per  oc tave  r o l ­
l o f f .
3 .10  DIGITIZER AND SIGNAL STORAGE
The.two phases  of  the audio  f requency  s ig n a l  are d i g i t z e d  by a 
B iomat ion 2805A, t r a n s i e n t  d i g i t i z e r  with  a v a r i a b l e  time base ( 0 . 2 n s / p t  
to  5 0 ( i s /p t ) .  The Biomation d i g i t i z e s  2048 p o i n t s  of  da ta  per  channe l ,  
of  which 1024 p o i n t s  a re  t r a n s f e r r e d  to  the Apple I I  microcomputer  f o r  
s i g n a l  averaging (accum ula t ive  a d d i t i o n )  and da ta  s t o r a g e .
3 .11  COMPUTER
The Apple microcomputer  i s  used f o r  s i g n a l  averaging  and s t o r ­
age,  d a t a  r e d u c t io n ,  and f o u r i e r  t r a n s f o r m i n g .  The computer a l s o  i s  
u sed  f o r  t iming  some p a r t s  of the  p u lse  sequences .  The language used i s  
F i r s t ,  a compiled microcomputer  language developed fo r  l a b o r a t o r y  use in  
Apple computers .  I f  a permanent r e c o rd  of  the d a t a ,  f o r  e i t h e r  time or 
f requency  domain i s  d e s i r e d ,  i t  i s  s t o r e d  on d i s k e t t e s .
3 .12  TEMPERATURE CONTROL
The tem pera tu re  r e g u l a t o r s  used i n  these  exper iments  were v a r i ­
a b l e  te m pera tu re  gas f lowing  systems t h a t  used Na or  He gas .  N i t ro g en  
was used in  the g l y c e r o l  exper iments  and i n  the cyclohexanol  exper iments  
above 110 K. The cyc lohexanol  experiments  below 110 K used lie.  The 
t e m pera tu re  c o n t r o l l e r s  were an o n - o f f  h e a t e r  fo r  N3 and a p r o p o r t i o n ­
a l  h e a t e r  f o r  He. Both te m pera tu re  c o n t r o l l e r s  used 100 ohm (nominal 
r e s i s t a n c e  a t  R .T . )  p la t in u m  r e s i s t a n c e  thermometers .
Chapte r  IV 
THE GLYCEROL EXPERIMENT
4.1 BACKGROUND
G lycero l  (CHjOH -  CHOH -  CHaOH) i s  an o rgan ic  m a t e r i a l  t h a t  
forms a v i s c o u s  l i q u i d  a t  room te m p e ra tu r e .  The h igh  v i s c o s i t y  i s  due 
t o  the hydrogen bonding t h a t  occurs  between the  OH groups on ne ighbor ing  
m o le c u le s .  As the te m pera tu re  i s  lowered the mean number of OH groups 
invo lved  in .h y d ro g e n  bonding i n c r e a s e s .  This  r e s u l t s  i n  the v i s c o s i t y  
s t e a d i l y  i n c r e a s i n g  as an i n c r e a s i n g  number of  molecu les a re  being  i n ­
c luded  in  the randomly o r i e n t e d  m o lecu la r  ' c h a i n s . '  When the t em pera tu re  
i s  lowered to  185 K, g l y c e r o l  undergoes a ' t r a n s i t i o n '  to  a t r a n s l a t i o n -  
a l l y  and o r i e n t a t i o n a l l y  d i s o r d e r e d  g l a s s  (G ib23) .  In  o th e r  words,  a t  
and below T the m olecu le s  are locked  in t o  a l i q u i d - l i k e  m e ta s t a b l eO
s t r u c t u r e  t h a t  w i l l  not r e a d i l y  t r a n s fo rm  in t o  the p r e f e r e d  c r y s t a l l i n e  
phases  (Gib23,  P a r 2 7 ) .
The correspondence  between v i s c o u s  l i q u i d s  and g l a s s  fo rmat ion  
has  been known f o r  a long t ime.  P a rk  and Huffman (P a r27 ) ,  i n  a paper 
t h a t  was one of the  f i r s t  s y s t e m a t i c  c a l o r i m e t r i c  s t u d i e s  of  g l a s s i n g  
m a t e r i a l s ,  s t u d i e d  the g l a s s  t r a n s i t i o n  in  s e v e ra l  o rg a n ic  m a t e r i a l s  
t h a t  d i f f e r e d  in  th e  number of OH groups per  molecu le .  They showed t h a t  
as  the number of OH groups per  molecule in c r e a s e d ,  so d id  the  g l a s s  
t r a n s i t i o n  t e m p era tu re .
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The t r a n s i t i o n  from the l i q u i d  to the g l a s s  i s  a k i n e t i c  phe­
nomenon, I t  i s  seen as a s t e p - l i k e  change in  the s p e c i f i c  h e a t  over a 
small  (~ 5 K) te m pera tu re  r a n g e .  I n  g l y c e r o l  the s p e c i f i c  h ea t  drops 
55% n ea r  185 K, the g l a s s  t r a n s i t i o n  t e m pera tu re  (Gib23,  Par  2 7 ) .
As s t a t e d  i n  the i n t r o d u c t i o n ,  g l y c e r o l  forms a ' l i q u i d '  g l a s s  
t h a t  i s  both t r a n s l a t i o n a l l y  and o r i e n t a t i o n a l l y  d i s o r d e r e d .  These
te rms,  t r a n s l a t i o n a l  and o r i e n t a t i o n a l  d i s o r d e r  can be de f in e d  as f o l ­
lows.  Define a f u n c t i o n  F ( r )  by r e p l a c i n g  a l l  the molecu le s  in  the sam­
p le  w i th  d e l t a  sp ikes  a t  t h e i r  c e n t e r s  of  mass:
F ( r )  = J  5 ( r  -  r . ) ,
k  (53)
where r j  i s  the l o c a t i o n  of  the c e n t e r  of mass of  the molecu le .
F o u r i e r  t r ans fo rm  the f u n c t i o n s  F ( r )  t o  g e t  It(£) where
K(£) = f d r  F ( r )  exp i £  r
(54)
I f  the spectrum K has d e l t a  s p ik es  a t  d i s c r e t e  v a lues  of  £,  then  the 
sample i s  t r a n s l a t i o n a l l y  o rd e re d .  Ilowever i f  K does not  show a d i s ­
c r e t e  n a t u r e ,  the sample i s  d i s o r d e r e d .  In  g e n e r a l ,  E w i l l  c o n t a in  both  
d e l t a  spikes  a t  d i s c r e t e  v a lues  of  I£ and a con t inous  background.  The 
complete absence of d e l t a  s p ik es  means the sample i s  t r a n s l a t i o n a l l y  
d i  s o r d e r e d .
For the case of o r i e n t a t i o n a l  d i s o r d e r  a loose d e f i n a t i o n  i s ,  
i f  the knowledge of the i ^  m o l e c u l e ' s  o r i e n t a t i o n  can be used to  p r e ­
d i c t  the  o r i e n t a t i o n  of ano the r  molecu le a t  d i s t a n c e  r  away, in  the  lim­
i t  of r  approaches  ° ,  then  the sample i s  o r i e n t a t i o n a l l y  o rde red .
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However i f  no such scheme i s  p o s s i b l e  then  the  sample has o r i e n t a t i o n a l  
long - ran g e  o rd e r .
Because g l a s s y  g l y c e r o l  i s  d i s o r d e r e d  at  ze ro  k e l v i n ,  i t  has a 
r e s i d u a l  e n t ropy  of  2 3 .5  J /mole-K (G ib23 ) . The measurement of the r e s i ­
dual  en t ropy  of  g l y c e r o l  i s  a f a i r l y  d i f f i c u l t  measurement because of 
g l y c e r o l ' s  n ea r  r e f u s a l  to  c r y s t a l l i z e .  However, the ease w i th  which 
the  d i s o r d e r e d  s t a t e  can be achieved  has  led  to  a s u b s t a n t i a l  number of  
s t u d i e s  on g l y c e r o l :  c a l o r i m e t r i c  (Gib23J P a r 2 7 ) , d i e l e c t r i c  (Mor34,
Dav51, McD62, Mcd63, L i t 6 3 ,  Dem73), a c o u s t i c  ( R ie 5 7 ) , o p t i c a l  s c a t t e r i n g  
(Dem74, Pin68) , and NMR (Wol79, Noa67) under a wide range of tempera­
t u r e s  and p r e s s u r e s .
We s tu d i e d  m o lecu la r  r e o r i e n t a t i o n s  in  g l y c e r o l  j u s t  above the 
g l a s s  t r a n s i t i o n .  The g l a s s  t r a n s i t i o n  i s  k i n e t i c  i n  na tu re  and an un­
d e r s t a n d i n g  of the motions  nea r  the g l a s s  t r a n s i t i o n  i s  e s s e n t i a l  to un­
d e r s t a n d i n g  i t .  The techn ique  used in  t h i s  work i s  s p e c t r a l  h o l e -b u r n ­
ing which e x p l o i t s  the e x i s t e n c e  of the a n i s o t r o p i c  chemical s h i f t  to  
tag  and fo l low  the m o lecu la r  r e o r i e n t a t i o n s .
4 .2  EXPERIMENTAL
The sample used in  th e se  exper iments  was A l d r i c h  gold l a b e l  
g l y c e r o l .  A smal l  amount of  f e r r i c  c h l o r i d e  was added to reduce Tx of  
the  p ro to n s  in  the  g l a s s  to  a r e a s o n a b l e  va lue  of ~ 5 s .  The 1 .5  gram 
sample was h e ld  i n  a 13 mm OD t e s t  tube  t h a t  was kep t  s toppered  a t  a l l  
t im e s .  The sample te m pera tu re  was measured w i th  a thermocouple in  a 
t h i n w a l l  g l a s s  tube ( thermocouple w e l l )  t h a t  dipped in to  the  sample.
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A ll  of the da ta  r e p o r t e d  here  were taken  on f r e s h l y  cooled  sam­
p l e s .  The sample was warmed to  room tem pera tu re  a f t e r  a t  most s ix  hours  
a t  low te m p era tu re s  b e fo re  co n t in u in g  the exper im en t .  The samples were 
always c l e a r  w i th  almost no cracks  and the da ta  was r e p r o d u c i b l e .  In 
our p r e l i m i n a r y  work we ob ta ined  i r r e p r o d u c i b l e  r e s u l t s  on a sample kept  
co ld  f o r  two weeks.  This  sample had many c r a c k s ,  p o s s i b l y  due to  c ry s ­
t a l l i z a t i o n  But more l i k e l y  due to  a b s o r p t i o n  of  a tmospher ic  w a te r .
4 .3  PULSE SEQUENCE
The p u l s e  sequence used i n  the se  exper iments  i s  shown i n F ig .  4 .  
The f i r s t  p a r t  of  the p u l s e  sequence uses  the p a r t  of  the r o t a t i n g  frame 
IS d i p o l a r  h a m i l t o n i a n  to  dynamical ly  p o l a r i z e  the carbon sp in  system 
(McC67, P in72b ,  Har62, Meh76).
4 . 3 . 1  Cross P o l a r i z a t i o n
Consider  a f u l l y  r e l a x e d  p ro to n  sp in  system in  a f i e l d  H0 a t  
a l a t t i c e  te m pera tu re  T^.  A 90-degree  p u l s e  i s  a p p l i e d  to  the p ro to n s ,  
a f t e r  which the r f  i s  p h a s e - s h i f t e d  90 deg ree s  so H ^ ,  the  p ro ton  r f  
magne tic  f i e l d ,  l i e s  p a r a l l e l  to  the n u t a t i n g  p ro to n  m a g n e t i z a t i o n .  
Then, i n  the r o t a t i n g  frame,  the p ro to n  s p in  system has a sp in  tempera­
tu r e  of
f  = c i » . , «  ■ " . p V 1 "  ( 5 j )
. h e r e  Cj -  ( y j M 2I ( I H ) N j / 3 k .
During the s p i n - lo c k in g  of  the p r o to n s ,  a carbon  p u lse  H* i s  tu rn edc
on.  The am pl i tudes  of  the two r o t a t i n g  frame magnetic  f i e l d s  are r e l a t ­
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ed by IJlc  = (yp / y c ) HXp. Then the sp in  systems can exchange en­
ergy  v ia  the t rans fo rm ed  IS  d i p o l a r  h a m i l t o n ia n  I  .jS__, (x i s  the d i r e c -Z1 z s
t i o n  of  Hx i n  each of  the  r o t a t i n g  f r a m e s ) . So the  two sp in  systems 
w i l l  come to  the same s p in  t em pera tu re  T*^.  This  f i n a l  t em pera tu re  w i l l  
be app rox im ate ly  equal  to  T ^ ,  the  p ro to n s  sp in  t e m p era tu re ,  because the 
number of  p ro to n s  i s  much g r e a t e r  than  the number of carbons and y^
~ 4y0 . A f t e r  the  two s p i n  systems have come to  an e q u i l i b r i u m ,  the 
r o t a t i n g  frame carbon s p i n  tem pera tu re  i s
Tcf  -
(56)
Then bo th  c r o s s  p o l a r i z a t i o n  r f  p u l s e s  are tu rn ed  o f f  and a p h a s e - s h i f t ­
ed,  90 degree  p u lse  i s  a p p l i e d  to the  carbon s p in  system to  s t o r e  the 
ca rbon  m a g n e t i z a t i o n  along H0 . The carbon m a g n e t i z a t i o n  fo l low ing  the 
c r o s s - p o l a r i z a t i o n  i s  g iven  by
" C -  CS “ i c /Tc f
where Cg = (y,.*) 2S(S+l)Ng/3k
T h e r e f o re ,  Mc = CsH0TL (Hl c / n i p )
= Meq C < V Y C>
~ 4M c .
(57)
where ^ i s  the thermal  e q u i l i b r i u m  carbon m a g n e t i z a t i o n .  So the
carbon m a g n e t i z a t i o n  i s  approx im ate ly  four t imes  i t s  thermal e q u i l i b r i u m  
v a l u e .
The two b e n e f i c i a l  e f f e c t s  of  c r o s s - p o l a r i z a t i o n  are t h a t  the 
carbons  can be p o l a r i z e d  i n  a time Tx of the p r o t o n s ,  which i s  o f t e n
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C ross .  • Burn 
Polar ize- St ir
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50
m s
F ig u re  4: Pu lse  sequence used i n  h o le -b u rn in g  exper iments  fo r  p ro to n s
(upper)  and ( l o w e r ) .  The time t i s  t y p i c a l l y  between 
10"5 and 2 x 102 s .
55
s h o r t e r  than  Tx carbon,  and the c r o s s - p o l a r i z a t i o n  r e s u l t s  i n  an en­
hanced Uz f o r  the ca rbons .
The phase of the  p ro to n  s p i n - lo c k in g  p u lse  was s h i f t e d  by 180 
degrees  every  o t h e r  r e p e t i t i o n  of the  exper im en t .  Th is  means the p ro ton  
s p i n  te m pera tu re  a l t e r n a t e d  between + .2K (Red55, S l i 6 1 ) . Consequently 
the  carbon m a g n e t i z a t i o n  fo l low ing  the  90 degree  s t o r e  pu lse  was a l ig n e d  
p a r a l l e l  and then  a n t i p a r a l l e l  to  H0 . The da ta  c o l l e c t i o n  scheme took 
the  r e s u l t i n g  s i g n a l  i n v e r s i o n  i n t o  account  by m u l t i p l y in g  a l t e r n a t e  
s i g n a l s  by minus one i n  s o f tw a re .  For l a r g e  v a lu e s  of  the w a i t i n g  in ­
t e r v a l ,  x ,  the i n i t i a l l y  n e g a t iv e  sp in  tem pera tu re  t r a c e s  w i l l  have 
r e c o v e re d  to  p o s i t i v e  t e m p era tu re s  (Boltzmann e q u i l i b r i u m ) . Hence for  
two p u lse  sequences w i th  x >> T1(;, the averaged  spectrum i s  z e r o .
And as a r e s u l t ,  the  Tx^ e f f e c t s  cause the i n t e n s i t y  of  the carbon-13 
to  approach ze ro  fo r  l a r g e  w a i t i n g  i n t e r v a l s .
The 1 ms w a i t  fo l low ing  the  c r o s s - p o l a r i z e  sequence i s  to  al low 
any p e r p e n d i c u l a r  ( t o  H0) components of  the carbon m a g n e t i z a t i o n  to  
dephase .  Because the p ro to n s  are  u n s t i r r e d ,  Hjg £ 0 and so the dephas-  
ing  of  the  carbons i s  complete i n  *» 100 JJs.
4 . 3 . 2  Hole-Burning
The nex t  p a r t  of the h o le -b u r n i n g  p u l s e  t r a i n  i s  the burn pu lse
(Blo48) I t  i s  a long weak p u lse  of  smal l  ampli tude  t h a t  i r r a d i a t e s  the
1 .
ca rb o n s .  The p u lse  ampli tude  and l e n g th  are a d j u s t e d  so t h a t  vH^t^
= ti or  tt/2, where H* i s  the ampl i tude  of the bu rn  p u lse  and t ^  i s  the 
l e n g t h .  During the carbon  burn  p u lse  the  p ro to n s  are v ig o r o u s ly  s p in -  
s t i r r e d  to  remove the IS d i p o l a r  i n t e r a c t i o n .  The s p i n - s t i r r i n g  le aves
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the carbon spectrum composed of  isochrom ats  which a re  d i s t i n g u s h e d  only 
by t h e i r  chemical s h i f t s .
The idea behind  s e l e c t i v e  s a t u r a t i o n ,  bu rn ing  a h o l e ,  i s  t h a t  a 
long weak p u lse  has  a narrow f o u r i e r  power spect rum. So by us ing long 
p u l s e s ,  only  the m a g n e t i z a t io n  i n  a narrow frequency  window i s  s i g n i f i ­
c a n t l y  n u t a t e d .  The ang le of n u t a t i o n  of the m a g n e t i z a t i o n  a t  the r f  
d r i v i n g  f requency  i s  0 = y H j tp .
To c a l c u l a t e  the e f f e c t  of  the p u l s e ,  one uses  the Bloch equa­
t i o n s  i n  the r o t a t i n g  frame.  I n i t i a l l y ,  the components of  the carbon 
m a g n e t i z a t i o n  are Hx = My = 0,  and Mz = M0 . Using the approx im ation  
Tx = T2 = <», we have
d -
 M£ = y(M x II).
d t
fo r  i  = x ,  y ,  or  z ,  deno t ing  the components in  the r o t a t i n g  frame where 
the r o t a t i n g  frame magnetic f i e l d  II = Hx I  + h E. Solv ing  f o r
JIz ( h , t p >
HjM (h ,0 )
Mz ( h *t p ) = Mz <h ' 0) + — ------ —  [co s (y { h 2+ K \ h i n t  ) - l ]
* LHi  + 1 1 J
(58)
the  eq u a t io n  t h a t  d e s c r ib e s  the  ho le  shape in  terms of h, th e  o f f - r e s o -  
nance f i e l d .  I t  i s  apparen t  t h a t  the l a r g e r  the r f  f i e l d  (Ux^) i s  the 
b ro a d e r  the ho le  w i l l  b e .  For a given H. , the s h o r t e r  t  ( f o r  t  <p
Ji/yHj.), the sha l low er  the ho le  w i l l  b e .  Hence we can t a i l o r  the 
h o l e ,  c o n t r o l l i n g  bo th  i t s  w id th  and dep th .  The carbon burn  pu lse  used 
i n  th e se  exper iments  was t y p i c a l l y  1 .5  to  15 ms long and i t s  ampli tude
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was between 0.25% and 0.025% of  the normal (u n a t t e n u a t e d )  r f  am pli tude .
Consequent ly ,  the h o le s  v a r i e d  from 70 Hz to 450 IIz FWHM. The lower
13 13l i m i t  was presumably de te rmined  by the C-L*, -C d i p o l a r  i n t e r a c t i o n .
The de lay  fo l low ing  the burn  p u l s e  a l low s  fo r  the  r e d i s t r i b u ­
t i o n  of the m a g n e t i z a t i o n  due to  m o lecu la r  r e o r i e n t a t i o n s  ( s p e c t r a l  d i f ­
fu s io n )  . Following the  de lay  a carbon 90 degree pulse i s  used to i n ­
s p e c t  the m a g n e t i z a t i o n .  The p ro to n s  are s p i n - s t i r r e d  during the  
r e c o r d i n g  of  the  carbon s ig n a l  to  remove once more the IS d i p o l a r  i n t e r ­
a c t i o n s .
4 . 4  SPECTRUM
As p r e v i o u s l y  mentioned,  the ca rbon  spectrum (d u r in g  p ro ton  
s p i n - s t i r r i n g )  i s  composed of  isochrom ats  whose f requency  i s  de te rmined 
by a n i s o t r o p i c  chemical s h i f t .  This  means t h a t  t h e r e  i s  a connec tion  
between the resonance  f requency  of  the carbon s p in s  and the  molecula r  
o r i e n t a t i o n  r e l a t i v e  to  H0 .
The unburned spectrum f o r  g ly c e r o l  i s  found to  be approx im ate ly  
a u n i a x i a l  powder p a t t e r n .  Unburned s p e c t r a  f o r  two tem pera tu res  a re  
shown in  F ig .  5.  They were t a k en  us ing th e  same p u lse  sequence as d i s ­
cussed  e a r l i e r ,  but  w i th  no burn  p u l s e .
The s p e c t r a  taken  between 122 K and 203 K, for  a l l  p r a c t i c a l  
p u rp o s e s ,  a re  i d e n t i c a l .  We conclude t h a t  the m olecu la r  mot ions  in  t h i s  
t e m pera tu re  range  are e i t h e r  much f a s t e r  or  much slower th a n  the r i g i d
re
l i n e w i d t h  due to  the a n i s o t r o p i c  chemical  s h i f t  (1 KHz).
Examples of f a s t e r  mot ions a re  v i b r a t i o n s  and l i b r a t i o n s .  Slower mo­
t i o n s  are t r a n s l a t i o n s  and r e o r i e n t a t i o n s .
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203 K
87 K
13F ig u re  5: C±;> p o w d e r - p a t t e r n  s p e c t r a  of g l y c e r o l  o b ta in e d  w i th  p ro to n
s p in  d e c o u p l in g .  The h igh  f r equency ,  low f i e l d  end of  the 
s p e c t r a  i s  to  the r i g h t .
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The g ly c e r o l  s p e c t r a  are due to  two carbons in  d i f f e r e n t  chemi- 
c a l  p o s i t i o n s ,  end carbons  and middle ca rbons .  L iq u id  s p e c t r a  show two 
l i n e s  w i th  approx im ate ly  a 2 - t o - l  r a t i o  of  areas* as expec ted .  The sep­
a r a t i o n  of  the c e n t r o i d s  of  the se  l i q u i d  l i n e s  i s  only 10 ppm or 200 Hz 
( f 0 fo r  i s  20 .846 MHz). Consequen t ly  the re sonances  from these  
two carbons o v e r l a p  s e v e r e l y  in  the  s o l i d .  The approximate  shape of  the 
combined r e so n an ces  i s  a u n i a x i a l l y  symmetric powder p a t t e r n .
The o v e r a l l  chemical s h i f t  a n i s o t r o p y  of  g l a s s y  g l y c e r o l  i s  50 
ppm or 1 KHz, which ag rees  w e l l  w i th  the r e p o r t e d  a n i s o t r o p i e s  of  On 
carbons  in  methyl  and e t h y l  a l c o h o l  ( P i n 7 2 a ) . The d i s t i n c t  edges in  the 
t h e o r e t i c a l  powder p a t t e r n ,  F ig .  1,  a re  not seen in  the g l y c e r o l  spec­
t r a .  Th is  i n d i c a t e s  t h a t  t h e r e  i s  an a d d i t i o n a l  source of  b roadening  
(B lo53) ,  o f  ~ 250 IIz. The a d d i t i o n a l  b roaden ing  i s  inhomogeneous. We 
burned very  narrow h o le s  (70 Hz FWHM) and measured T2 , u s ing  the 
C a r r - P u r c e l l  pu lse  sequence (909O -  t  -  1800 -  2z -  180o 
. . . )  (Car54, M ei58) . The r e s u l t  was Ta = 15 ms, or  a homogeneous l i -  
newidth  of 21 Hz FWHM. Inadequa te  p ro to n  sp in—s t i r r i n g  cannot  be the 
source of the  a d d i t i o n a l  b roaden ing  because the IS i n t e r a c t i o n  would 
produce homogenous b road en in g .  However, in  a l i q u i d  g l a s s  t h e r e  i s  a 
d i s t r i b u t i o n  of  molecu la r  env ironments due to the  d i s o r d e r .  In  amorp- 
hous polymers t h i s  y i e l d s  inhomogeneous Cx l i n e w id th s  of  ~ 40 Hz a t  
~ 20 KG, our DC f i e l d  (Sch77) . T h i s  i s  too  small  to  be the source  of 
our b roaden ing .
G ly c e r o l ,  l i k e  any o rg a n ic  molecule  w i l l  have i n t e r n a l  degrees  
of  freedom. Examples a r e ,  r o t a t i o n s  about  C-C and C-0 bonds .  S ince the 
chemica l  s h i f t  w i l l  depend not  only  on the  o r i e n t a t i o n  of  the C-C-C
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backbone,  bu t  a l s o  on th e se  i n t e r n a l  c o o r d i n a t e s ,  we conclude  t h a t  t h e re  
a re  d i s t r i b u t i o n s  o f  i n t e r n a l  c o o r d i n a t e s  t h a t  a re  caus ing  a d d i t i o n a l  
b roaden ing .
The o v e r a l l  spectrum i s  approx im ate ly  a u n i a x i a l  powder p a t ­
t e r n .  Consequent ly ,  the  connec t ion  between f requency  and o r i e n t a t i o n  i s  
s t i l l  a p p l i c a b l e .  For  u n i a x i a l  powder p a t t e r n s  the r e l a t i o n s h i p  between 
w, th e  resonance  f requency ,  and 6 ,  the m olecu la r  o r i e n t a t i o n ,  i s  given 
by e q u a t io n  48,
w(0) -  w0 = fc)0Acr(cos2 0 -  1 / 3 ) ,
where m0 i s  the i s o t r o p i c  ( l i q u i d )  resonance  f requency ,  A c  i s  
the  s t r e n g t h  of the s h i f t  a n i s o t r o p y ,  and 0 i s  the ang le between some 
m o lecu la r  a x i s  and 1I0 . So by s a t u r a t i n g  the s p e c t r a  between w' and 
to "  we tag  the  molecu le s  between 0 '  and 0 " ,  where to"  = t o ( 0 " )  
and to' = to ( 0 ' )  .
4 .5  HOLE RECOVERY
During the i n t e r v a l  t between the  carbon burn  and in s p e c t  
p u l s e s ,  molecu les  w i l l  r e o r i e n t .  Th is  reduces  the i n t e n s i t y  of  the 
spectrum a t  the f requency ,  c o r re spond ing  to  the molecule s  new o r i e n t a ­
t i o n .  By d e t a i l e d  b a l a n c e ,  a tagged molecule r e o r i e n t i n g  out  of  the 
h o l e ,  i s  ba lanced  by a molecule (most l i k e l y  unburned) r e o r i e n t i n g  i n t o  
the  h o l e .  This  a c t i v i t y  r e s u l t s  in  i n c r e a s i n g  i n t e n s i t y  in  the  i n i t i a l ­
l y  burned  r e g io n .  The n e t  e f f e c t  of  m olecu la r  r e o r i e n t a t i o n  w i l l  be to 
s p read  the h o le  i n t o  the unburned p a r t  of  the spectrum w hi le  m a in ta in in g  
the  t o t a l  i n t e g r a t e d  i n t e n s i t y  of the l i n e .  This  i s  s p e c t r a l  d i f f u s i o n .
By burn ing  a very  narrow ho le  the o r i e n t a t i o n  o f  some molecu les  i s  spec­
i f i e d  as 0 O a t  t 0 . By observ ing  the r ecove ry  of t h i s  narrow ho le ,  
the  s i n g l e - p a r t i c l e ,  two-t ime o r i e n t a t i o n a l  c o r r e l a t i o n  fu n c t i o n  can be 
d e te rm ined .  That  i s ,  by observ ing  the spectrum a t  t 0 + t  one f in d s  
a p i c t u r e  of  the c o r r e l a t i o n  f u n c t i o n  P (0O, 0; x) . For a r e o r i e n t a ­
t i o n  or a s e r i e s  of  r e o r i e n t a t i o n s  to  v i s i b l y  change the NMR s p e c t r a  the
r e o r i e n t a t i o n s  must c a r r y  a sp in  from in s id e  to  o u t s id e  the h o l e .  Th is
r e q u i r e s  t h a t  the  molecu le r e o r i e n t  so t h a t  the average sp in  changes 
f requency  by a minimum of h a l f  the ho le  w id th .  By comparing the recov­
e r y  of i n i t i a l l y  vary ing  ho le  w id th s ,  one can deduce the s i z e  of the 
mean an g u la r  r e o r i e n t a t i o n .  For molecu le s  r e o r i e n t i n g  by small  s to c h a s ­
t i c  jumps (random walk on a s p h e r e ) ,  the e f f e c t  on the spectrum w i l l  be 
t o  ' e r o d e '  the edges of the  h o l e ,  b roaden ing  i t  w hi le  i t  becomes s h a l ­
lower ,  F i g .  6,  Th is  i s  because small  r e o r i e n t a t i o n s  w i l l  on ly  connect  
f r e q u e n c i e s  near  each o t h e r .  Consequently  i n  the l i m i t  of small  angle 
mot ion ,  i n i t i a l l y  broad  h o le s  w i l l  r eco v e r  s lower than  i n i t i a l l y  narrow 
h o l e s .
The o t h e r  l i m i t  i s  l a r g e ,  angu la r  jumps.  That i s ,  a molecule 
i s  e q u a l ly  l i k e l y  to have any o r i e n t a t i o n  a f t e r  a jump. The e f f e c t  of 
t h i s  mot ion  on the  NMR spectrum w i l l  be to spread  the  hole  un ifo rm ly  
a c ro s s  the  spect rum. Hence, the depth of  the ho le  w i l l  dec rease  a t  the 
expense of  the r e s t  of the  l i n e ,  and the ho le  w i l l  recove r  w i thou t
changing shape.  F i g .  6.  The s i g n a t u r e  of l a r g e  angle motion i s  t h a t  the
FWHM of the  hole  w i l l  be independent  of x ,  the  w a i t i n g  i n t e r v a l ,  and 
h o l e s  of  d i f f e r e n t  i n i t i a l  widths  w i l l  r eco v e r  a t  the same r a t e .
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F igu re
t = 0
LARGE ANGLE 
JUMPS
SMALL ANGLE 
JUMPS
6: Expec ted  s p e c t r a l  d i f f u s i o n  f o r  l a r g e -  and s m a l l - an g le
m o lecu la r  r e o r i e n t a t i o n s .  The w a i t in g  i n t e r v a l  i s  i n c r e a s i n g  
f o r  descending  p i c t u r e s .
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A p r o v i s o  must be a t t a c h e d  t o  the l a s t  s t a t e m e n t .  The b roader  the h o l e ,  
the more l i k e l y  i t  i s  t h a t  a r e o r i e n t a t i o n  w i l l  c a r r y  the sp in  r i g h t  
back i n t o  the h o le .  This  ' t a r g e t  a r e a '  e f f e c t  w i l l  be seen mainly  in 
the  l a r g e  h o l e s ,  which should reco v e r  s l i g h t l y  s lower  than  nar rower  
h o l e s .
Because of d i l u t i o n  ( C ^  i s  1.1% n a t u r a l l y  abundant)  the carbon 
sp in s  a re  very  weakly coupled .  So h o le  reco v e ry  fo l l o w s  the change in 
resonance  f requency  of  i n d i v i d u a l ,  uncoupled sp in s .  T h ere fo re  the en­
t i r e  r e l a x a t i o n  f u n c t i o n  i s  o b s e rv a b le ,  not  j u s t  the  mean r e l a x a t i o n  
t ime ,  as  i s  the case i n  s t r o n g ly  coupled s p in  systems (systems of l a r g e  
y  and 100% abundance).  This  i s  p a r t i c u l a r l y  u se fu l  i n  the s tudy  of 
d i s o r d e r e d  m a t e r i a l s  where d i s t r i b u t i o n s  of r e l a x a t i o n  times are f r e ­
quen t ly  encoun te red  (McC67). A f te r  a hole  i s  burned the  e n t i r e  l i n e  r e ­
l a x e s  towards i t s  Boltzmann e q u i l i b r i u m  l i n e  shape w i th  a time c o n s tan t  
Tl t  The e f f e c t s  of  T± put  a l i m i t  of  the lo n g e s t  o b s e rv a b le  r eo ­
r i e n t a t i o n  time because a f t e r  a few Tx the h o l e  becomes unobse rvab le .  
However T± p r o c e s s e s  a re  easy to s e p a r a t e  from s p e c t r a l  d i f f u s i o n  i n  
the d a t a .  S p i n - l a t t i c e  r e l a x a t i o n  w i l l  change the t o t a l  i n t e g r a t e d  i n ­
t e n s i t y  of  the l i n e ,  whereas ho le  reco v e ry  w i l l  leave the t o t a l  i n t e n s i ­
t y  unchanged.  T h e re fo re  the e f f e c t  of Tt  r e l a x a t i o n  can be e l i m i n a t e d  
by simple s c a l i n g ,  up to  the l i m i t  of s igna l  to  n o i s e .  The sh o r t  time 
l i m i t  of  h o le -b u rn in g  i s  when the m olecu la r  r e o r i e n t a t i o n  r a t e  mr  b e -
cscomes g r e a t e r  than  Auijj£, the r i g i d  l a t t i c e  powder p a t t e r n  l i n e w id th .
CSWhen ti>r  exceeds Ao>^£, mot iona l  narrowing s e t s  in ,  d e s t r o y i n g  the 
dependence of oi on 8 ,  e q u a t io n  48 (Spi74a,  Spi74b,  Meh.76) . That  i s ,  
the  p i c t u r e  of w e l l - d e f i n e d  i sochrom ats  r e l a t i n g  to w e l l - d e f i n e d  ang les  
becomes i n a c c u r a t e .
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Consequent ly  the window in  which ur  i s  obse rvab le  by s p e c t r a l  
h o le -b u rn in g  i s  > wr  > Tx . For g l y c e r o l  the l i m i t s  of  spec­
t r a l  h o le -b u rn in g  are  10^ Hz > (or /2n  > 10- ^ Hz, a r a t h e r  l a r g e  window.
Hence t h i s  techn ique  measures slow mot ions ,  s lower than a c c e s i b l c  by 
most o th e r  r e l a x a t i o n  t e c h n iq u e s .  I t  can a l s o  be used to determine the 
angu la r  s tep  s i z e  and the  d i s t r i b u t i o n  of mot ional  r a t e s .
As mentioned b e f o r e ,  the  w id th  and depth of  a ho le  could be
t a i l o r e d  to  our s p e c i f i c a t i o n s ,  as  p r e d i c t e d  by the Bloch e q u a t io n s .  In  
F ig .  7 a re  p i c t u r e d  the  th ree  types  of ho le s  used .  The q u a l i t a t i v e  f e a ­
t u r e s  of  the ho le s  (when observed  f o r  sh o r t  r )  agree v/ith the c a l c u ­
l a t e d  f e a t u r e s ,  e q u a t io n  58 .  Indeed the small  dimples i n  the c e n t e r  
s p e c t r a  (medium ho le )  a t  about  + 300 Hz from the h o l e ' s  c e n t e r ,  are due 
to  the damped cos ine  term i:i ciie I ' loch e q u a t io n s .  We a l so  note  t h a t  the 
g ross  f e a t u r e s  of the Bloch eq u a t io n s  are obeyed.  Shor t  ' i n t e n s e '  p u l s ­
es produce broad  h o le s  and long ,  weak p u l s e s  give narrow h o l e s .  The 
c e n t e r  of  the b r o a d e s t  ho le  was i n t e n t i o n a l l y  made to  reach  only to the 
b a s e l i n e ,  to  give a p o s i t i v e  t o t a l  a r ea  to  the  spectrum. The nar rowes t  
h o le s  ( tp  = 12 ms) cou ld  only fo rce  the m a g n e t i z a t i o n  to  the  b a s e l i n e .
S l i g h t l y  longer  p u l s e s  d id  not  deepen the h o l e ,  bu t  only p a r t i a l l y  s a t u -
1 3r a t e d  a wider  s e c t i o n  of the l i n e .  Th is  i s  because Ta , the C-1 l inew -  
i d t h ,  i s  15 ms.
The h o l e s ,  f o r  f u tu r e  convenience ,  w i l l  be named narrow, medium 
and b ro ad .  A medium ho le  a t  198 K (43 K above T ) i s  shown a t  v a r io u ss
s t a g e s  of  r ecove ry .  F i g .  8.  The v e r t i c a l  l i n e s  are the FWHM determined  
from th r e e  s h o r t e s t  time ho le s  ( r  = 0 .025 ,  0 . 1 ,  and 0 .4  s ) . I t  i s  ap­
p a r e n t  t h a t  the h o le  i s  r ec o v e r in g  w i th o u t  changing shape.  In  f a c t  t h i s
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i s  t r u e  of  a l l  t h r e e  ho le  s i z e s .  The dec rease  i n  t o t a l  i n t e n s i t y  i s  due 
to  carbon s p i n - l a t t i c e  r e l a x a t i o n ,  t h a t  occurs  dur ing the  w a i t i n g  time 
x .
We conclude from the  x independence of the  h o le  width  t h a t  
the  molecu le r e o r i e n t a t i o n s  in  g ly c e r o l  are l a r g e  angle jumps. In  f a c t ,  
the  time independence of the broad  h o le  w id th ,  which i s  ~ 45 degrees  
FWHM, p u t s  a lower l i m i t  of  45 degrees  on the  average r e o r i e n t a t i o n  an­
g l e  of the g l y c e r o l  m o lecu le s .  (The e n t i r e  spectrum i s  90 degrees  wide.  
So the broad  h o le ,  be ing  h a l f  the l i n e w id th ,  i s  ~ 45 degrees  FWUM.)
The measurement of the  hole  dep th ,  i n  the p resence  of s p i n - l a t ­
t i c e  r e l a x a t i o n ,  r e q u i r e s  some s u b t l e t y .  S ince  d i f f u s i o n  of the ho le  
i n t o  the l i n e  does not  change the t o t a l  i n t e n s i t y  of the l i n e ,  any 
changes i n  the  t o t a l  i n t e n s i t y  are duo to  Tx p r o c e s s e s .  I f  the Tx 
p r o c e s s e s  a re  o r i e n t a t i o n a l l y  independen t ,  t h a t  i s ,  i f  the  l i n e  decays 
u n i fo rm ly ,  Tx e f f e c t s  can be removed by simple s c a l i n g  o f  the t o t a l  
s p e c t r a .  In  a s e r i e s  of u n i n t e r e s t i n g  exper iments  Tx was shown to  be 
independent  of  f r eq u en cy .  The s c a l i n g  f a c t o r s  can be de termined  by 
measuring Tx f o r  carbon and m u l t i p l y i n g  each s p e c t r a  by exp 
( t / T x) . The scheme we used f o r  de te rm in ing  the s c a l i n g  f a c t o r s  was 
to  measure the decay of  the t o t a l  i n t e n s i t y  of  burned  s p e c t r a  f o r  each 
x used  in  the ho le  r ecove ry  exper im en t .  The two procedures  are iden ­
t i c a l ,  bu t  the second method was e a s i e r  to automate even i f  i t  used  more 
t im e .  In  g e n e r a l ,  x was kept  shor t  enough t h a t  the s c a l i n g  f a c t o r s  
were l e s s  than  2 .0  f o r  s i g n a l  to no ise  c o n s i d e r a t i o n s .
A g e n e ra l  method of  measuring the ho le  r ecove ry  i s  to  s u b t r a c t  
s c a le d ,  burned  s p e c t r a  from an a p p r o p r i a t e l y  s i z e d  unburned s p e c t r a .
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F igure  7: Holes of t h r e e  w id th s  burned in t o  the  spec trum of F i g .  5.
The va lue  of t  ( s e e  F ig .  4) i s  0.025 s .
67
r  (sec)
6.4s
K H z — i
F igu re  8: Recovery of a medium-width Role i n  g ly c e r o l  l i n e  a t  198
K. The h o le  w id th  remains c o n s tan t  th rough  the r e co v e ry ,  
i n d i c a t i n g  l a r g e - a n g l e  m o t io n s .  The v e r t i c a l  l i n e s  a re  FWIIM 
of the  h o l e .
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Doing t h i s  f o r  v a r io u s  v a l u e s  o f  x  w i l l  g ive  a p i c t u r e  of j u s t  the 
h o le  as i t  r e c o v e r s .  However, i n  g l y c e r o l  the ho le s  r ecove red  w i th o u t  
changing shape,  so the fo l low ing  ( f a i r l y  s t r a i g h t f o r w a r d )  ma thematica l  
te chn ique  was used .  The burned s p e c t r a  were m u l t i p l i e d  by a r e c t a n g u l a r  
f i l t e r  f u n c t i o n  t h a t  was one in  the  middle of  the  h o le ,  minus one on the  
sh o u ld e r s  of the ho le ,  and zero  e l sew here .  We r e q u i r e d  t h a t  t h i s  f u n c ­
t i o n ,  when a p p l i e d  to  the  unburned s p e c t r a ,  gave a n e t  area  o f  app rox i ­
m a te ly  z e r o .  The p roduc t  of the  f i l t e r  f u n c t i o n  and the  s c a le d  burned 
s p e c t r a  were i n t e g r a t e d .  The r e s u l t i n g  v a l u e  was the  ho le  dep th .  The 
r e c t a n g u l a r  f u n c t i o n  was de termined  f o r  each te m pera tu re  and then  h e ld  
c o n s t a n t  f o r  each  of the s p e c t r a  taken  at  v a r io u s  v a lu e s  of  r .
4 .6  RESULTS
Using t h i s  technique  fo r  de te rm in ing  the ho le  dep th ,  we meas­
u red  the  decay of  the h o l e s .  The decay cu rves  a t  two te m pera tu re s  f o r  
d i f f e r e n t - s i z e d  h o l e s  are shown in  F i g .  7 .  Note t h a t  the time s c a l e  i s  
l o g a r i t h m i c .
Cons ider  the 192 K decay c u rv e .  The narrow ho le  r e c o v e r s  f a s t ­
e s t .  I t  reaches  50% of  i t s  i n i t i a l  depth  i n  10 s .  The medium ho le  i s  
s l i g h t l y  s lower .  I t  r eaches  50% of i t s  i n i t i a l  depth in  13 s or recov­
e r s  to  55% in  10 s .  The b r o a d e s t  h o le  i s  the  s lo w e s t ,  r e a c h in g  50% i n  
26 s or 62% in  10 s .  Hence motions t h a t  r e l a x  a narrow hole  w i l l  r e l a x  
a broad  one,  and v ic e  v e r s a ,  excep t  f o r  t a r g e t  a rea  c o n s i d e r a t i o n s .  
T h e re fo re  we conclude  (aga in )  t h a t  the r e o r i e n t a t i o n s  are l a r g e  angle 
jumps of  a t  l e a s t  45 d eg ree s ,  the  angu la r  w id th  of  the  b ro a d e s t  h o le .  
Th is  r e s u l t  ag rees  w i th  o th e r  NMR work on d e u t e r a t e d  g l y c e r o l  by Wolfe
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and Jonas  (Wol79), and the i n t e r p r e t a t i o n  of  Ray le igh  s c a t t e r i n g ,  d i e ­
l e c t r i c ,  and volume r e l a x a t i o n  da ta  (Pin68) t h a t  a l l  f avored  l a r g e  angle 
motion.
The da ta  in  F i g .  9 a r e  n o n -ex p o n en t ia l  as can be seen from the 
dashed l i n e ,  which i s  a s imple e x p o n e n t i a l ,
x = A exp —{t / x  } .
(59)
The c o n s t a n t s  A and x_ were de te rmined  so t h a t  the ex p o n en t ia l  wouldv
pass  th rough  the medium ho le  da ta  a t  0 .1  s and 12 .8  s .  The e x p o n e n t i a l  
m isses  the medium hole  da ta  b a d l y .  But the s o l i d  l i n e ,  a W ill i ams-W at ts  
(W-W) f u n c t i o n  (Wil70,  Wil71) ,
x = exp - { t / x „ } P ,
(60)
i s  an e x c e l l e n t  f i t  to the d a t a .  N on-exponent ia l  r e c o v e r i e s  a re  common 
i n  g l a s s e s .  Presumably ,  m olecu les  i n  a g l a s s  have a d i s t r i b u t i o n  of  en­
vi ronments  and b a r r i e r  e n e r g i e s ,  ( t h e r e  are o t h e r  i n t e r p e r a t i o n s  of  
t h i s )  (McD63, L i t 6 3 ) .  The param ete r  p i n  the W-W f u n c t i o n  was d e t e r ­
mined t o  be 0 .5  + 0 .1  by f i t t i n g  a l l  the d a t a .  The n o n - e x p o n e n t i a l i t y  
of  the W-W f u n c t i o n  i s  de termined  by p,  where p i s  a measure of  the 
wid th  of the d i s t r i b u t i o n  of r e l a x a t i o n  t im es .  S e t t i n g  p = 1 g ive s  a 
s i n g l e  r e l a x a t i o n  time and l e t t i n g  P approach ze ro  makes the d i s t r i b u ­
t i o n  become i n f i n i t e l y  wide.  Our va lue  of p = 0 .5  + 0.1 i s  no t  very 
p r e c i s e .  But a more ac c u ra te  d e t e r m in a t io n  would r e q u i r e  h o le  r eco v e ry  
da ta  over a t  l e a s t  ano the r  o rde r  of  magnitude i n  t ime .  Hole r e c o v e r i e s ,  
ex tend ing  over such l a r g e  time i n t e r v a l s ,  a re  not  p o s s i b l e  because  of  
the  l i m i t s  p la ced  on x by T1(J, AwjSg, and s i g n a l - t o - n o i s e .
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F ig u re  9: Hole r ecove ry  d a t a  a t  192 K (open symbols) and 203 K ( f i l l e d
symbols ) .  Narrow ( o ) ,  medium ((□,■), and broad  (&A) h o le s  
were used .  The s o l i d  curves  a re  f i t s  to  the medium ho le  
d a t a .
An e x c e l l e n t  d i s c u s s i o n  of the W-W f u n c t i o n ,  i t s  i m p l i c a t i o n s ,  
and the f i t t i n g  of ex per im en ta l  da ta  w i th  i t  was done by Lindsay and 
P a t t e r s o n  (LinSO). They compared the Cole-Davidson (C-D) f u n c t i o n  {an­
o th e r  a n a l y t i c a l  d i s t r i b u t i o n  fu n c t i o n )  to  the W-W f u n c t i o n .  The C-D 
f u n c t i o n  i s  (Dav51a, DavSlb)
g ( r )  = s i n  an/rt(-r /T0 -  v ) a 
f o r  T < Tj 
= 0
f o r  t  > T0 »
(61)
where the param eter  ' a '  d e te rm ines  the  width of the d i s t r i b u t i o n  of  co r ­
r e l a t i o n  t im es .  A numerica l  comparison of  the f u n c t i o n s  y i e l d e d  the 
fo l lo w in g  r e l a t i o n s h i p  between P from the W-W f u n c t i o n  and ' a '  from the 
C-D f u n c t i o n ,
p = 0.976a  + 0 .144
f o r  0 .2  < a < 0.6
P = 0 .683a  + 0.316
f o r  0 .6  < a < 1 .0 .
(62)
P rev io u s  d i e l e c t r i c  exper iments  on g l y c e r o l  f i t  t h e i r  d a t a  us ­
ing the C-D f u n c t i o n  w i th  ' a '  = 0.6 (Dav51b, McD62). Using the above 
e q u a t io n s ,  t h i s  co r responds  to  p = 0 . 6  -  0 . 7 ,  in  t o l e r a b l e  agreement 
w i th  our r e s u l t  p = 0 . 5  + 0 . 1 .  For h o le  reco v e ry  d a t a ,  the  average  r e o ­
r i e n t a t i o n  r a t e  may be ( a r b i t r a r i l y )  d e f in e d  as the in v e rs e  of  the 
va lue  of  x a t  which the  medium hole has  r ecove red  to  50% o f  i t s  i n i -
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t i a l  dep th .  Because the t h r e e  d i f f e r e n t  ho le  s i z e s  reco v e r  a t  es sen ­
t i a l l y  the sane r a t e ,  t h i s  i s  a s e n s i b l e  d e f i n i t i o n .  Using t h i s  d e f i n i ­
t i o n  to  determine the  r e o r i e n t a t i o n  r a t e ,  the v a lu e s  of  l o g 10 uR 
are  p l o t t e d  in  F ig .  10 as a f u n c t i o n  of  in v e rs e  t e m p era tu re .  Also p l o t ­
t e d  are  the  va lues  of  <dr as de termined  from d i e l e c t r i c  r e l a x a t i o n  
(DavSlb,  McD62) and NMR quad ru p o la r  r e l a x a t i o n  (Wol79) exp e r im en t s .
The d i e l e c t r i c  w orkers ,  as  mentioned e a r l i e r ,  used  the  C-D d i s t r i b u t i o n  
f u n c t i o n .  They r e p o r t e d  t 0 , the l i m i t i n g  v a lu e  of  the C-D d i s t r i b u ­
t i o n ,  as the  c h a r a c t e r i s t i c  r e o r i e n t a t i o n  t ime.  Lindsay and P a t t e r s o n  
showed t h a t  the average  r e o r i e n t a t i o n  t ime v  f o r  a C-D d i s t r i b u t i o n  i s  
g iven  by t  = a r 0 . I t  i s  mR = 1 / t  t h a t  we p l o t t e d  i n  F i g .  10 
fo r  the  d i e l e c t r i c  d a t a .
Our data  ex tends  the p re v io u s  d e t e r m in a t io n  of  wR t o  much 
lower f r e q u e n c i e s .  The h o le  r e c o v e ry  d a t a  f i t s  smoothly onto the o the r  
d a t a .  Th is  i n d i c a t e s  t h a t  we measured the same motion as the  o th e r  
t e ch n iq u es  d id .
The r e l a x a t i o n  curve ,  F i g .  11,  becomes s t e e p e r  as the  tempera­
t u r e  i s  reduced .  T h i s  b eh a v io r  i s  common in  m a t e r i a l s  t h a t  undergo 
g l a s s  t r a n s i t i o n s .  Such d a t a  i s  u s u a l l y  f i t  w i th  the  
Y /i l l iams-Landau-Fer ry  (WLF) (Wil55) o r  Vogel-Tammann-Folcher (VTF) equa­
t i o n  g iven  by
or (T) = m0 exp - { ( E / k ) / ( T  -  T0) } .
(63)
The c o n s t a n t s  used i n  the f i t .  F i g .  10,  are u0 = 7.52 x 1 0 ^  s- *
(E/k) = 2694K, and T„ = 1 2 3 . 7K (McD62). The f i t  of the  da ta  e x t r a p o -
3 3
l a t e s  th rough  10 s a t  186 K, s c a l e  10a s)  of  the  g l a s s  t e m p e ra tu re ,  T
8
73
250 °K8
6
4
r
2 ‘
0
-2
3.8 46 5.0 5.44.2
10/T (°K_I)
Figure  10: R e o r i e n t a t i o n  r a t e  big as a f u n c t i o n  of  t e m p e ra tu r e .  The
h o le  r ecove ry  d a t a  r e p o r t e d  here  (□) appear  w i th  the 
d i e l e c t r i c  d a t a  ( + (DavSlb) ,  x  (McD62)) and NMR da ta  from 
deu te r ium Tx (o (Wol79)) .
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= 185 K (Gib2 Par27) . Th is  shows t h a t  the mot ions measured by h o le -  
b u rn ing  a r e  a l so  r e s p o n s i b l e  fo r  the g l a s s  t r a n s i t i o n .  The f i t t i n g  pa­
r a m e te r s  a re  due to the d i e l e c t r i c  w o rk e r s .  We conver ted  t h e i r  f i t t i n g  
p a ram e te r s  f o r  t0 t o  coR f o r  p l o t t i n g  i n  F i g .  10.
As mentioned p r e v i o u s l y ,  the b roaden ing  i n  the powder p a t t e r n  
occurs  because the NMR spectrum i s  s e n s i t i v e  to i n t e r n a l  c o o r d in a t e s  as 
w el l  as to  the o r i e n t a t i o n  of  the carbon backbone.  The q u e s t i o n  a r i s e s  
whether  the h o le -b u rn in g  d a t a  i s  merely fo l low ing  changes of th e se  in ­
t e r n a l  c o o r d i n a t e s .  But t h i s  p o s s i b i l i t y  i s  e l im i n a t e d  by the observa­
t i o n  t h a t  the broad  ho le s  r ecove r  n e a r l y  as f a s t  as the narrow h o le s .  
The broad  h o l e s ,  be ing  450 Hz wide,  are wider  than  the a d d i t i o n a l  b roa ­
dening 250 H z) . So they  would r e c o v e r  s lower than  the narrow 
h o l e s ,  i f  i n t e r n a l  rear rangement was the dominant mechanism of h o le  r e ­
covery .  The i n t e r n a l  rea r rangem en ts  a lmost  c e r t a i n l y  invo lve  OH group 
r e o r i e n t a t i o n s .  Wolfe and Jonas  (Wol79),  from t h e i r  deu ter ium NMR d a t a ,  
concluded t h a t  OH group mot ion  occurs  a t  e s s e n t i a l l y  the  same r a t e  as 
the o v e r a l l  mo lecu la r  r o t a t i o n s .  Decause of t h i s  and the  e x c e l l e n t  
agreement of our d a t a  and the d a t a  from o th e r  t e c h n iq u e s ,  we conclude 
t h a t  with  h o le -b u rn in g  we a r e  indeed fo l lo w in g  o v e r a l l  m olecu la r  r o t a ­
t i o n s  .
I n  F ig .  10 the average ho le  r ecove ry  t ime becomes independent  
of  te m pera tu re  a t  189 K. At low te m p era tu re s  the r e o r i e n t a t i o n  r a t e  be­
comes so slow th a t  a competing te m pera tu re  independent  mechanism becomes 
dominant .  This  i s  undoubtedly  due to  s p i n - s p i n  i n t e r a c t i o n s  between the
 -i
carbon-13 s p i n s .  As mentioned e a r l i e r ,  the  e x i s t e n c e  of  the chemical  
s h i f t  a n i s o t ro p y  (~  1 KHz) l i f t s  the degeneracy  between the s t a t e s
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lm1 ,m2> = |+  -> and | -  +>. This  w i l l  i n h i b i t  the f l i p -
f l o p s ,  which the C ^ - C * 3 i n t e r a c t i o n s  would cause (Van79). In  a d d i t i o n ,  
d u r ing  the w a i t i n g  i n t e r v a l  t , th e  p ro to n s  a re  not  s p i n - s t i r r e d ,  caus ­
ing the  sp in  e v o l u t i o n  dur ing  t h i s  i n t e r v a l  to  be com pl ica ted ,
4 . 6 . 1  S n i n - s n i n  R e l a x a t i o n  Time
13We a l s o  measured the  s p i n - s p i n  r e l a x a t i o n  time Ta f o r  the C 
sp in s  using the C a r r - P u r c e l l  sequence (90#o -  x -  180o -  2x -  
180o . . . )  {Car54, Mei58) f o r  the ca rbons ,  w h i le  s p i n - s t i r r i n g  the p ro ­
to n s .  Five d i f f e r e n t  r e p e t i t i o n  r a t e s  f o r  the  r e fo c u s in g  p u l s e s  were 
used ,  ranging  from 130 p u l s e s / s  (v = 7 . 7  ms) t o  1500 p u l s e s / s  (t =
660 ps)  . The da ta  from two p u lse  d e n s i t i e s  are shown in  F ig .  11.
The d i f f e r e n c e  in  the r e s u l t s  fo r  the two pu lse  d e n s i t i e s  i s  
unexpec ted .  I t  i s  no t  known whether t h i s  i s  due to  Hx inhomogeneity 
or  the a t t a in m e n t  of a Hartmann-Hahn match du r ing  the r e f o c u s in g  p u l s e s ,  
(and the r e s u l t i n g  ' l e a k a g e '  o f  the decaying C*3 m a g n e t i z a t i o n )  ( E a r 7 9 ) . 
Even so,  the T2 v a l u e s  are no t  s t r o n g l y  dependent  on the pu lse  d e n s i ­
t i e s  and are found to  be t e m pera tu re  independen t  below 200 K. For h igh ­
er  t e m p e r a t u r e s ,  the  s t o c h a s t i c  mot ion  p a r t i a l l y  d e f e a t s  the coheren t  
s p i n - s t i r r i n g  and the  carbon r e f o c u s in g  p u l s e s .  Consequently  above 200 
K, T2 dec re a se s  w i th  i n c r e a s i n g  t e m p e ra t u r e .  The te m pera tu re  indepen­
dent  va lue  of  Ta = 15 ms i n d i c a t e s  the  C ^ - C * 3 d i p o l a r  l i n e w id th  ( the  
isochromat  w id th )  i s  ~ 21 Hz, as p r e v i o u s l y  mentioned .  The knee in 
Ta a t  ~ 200 K i n d i c a t e s  t h a t  <0^ i s  becoming equal  to or g r e a t e r  
than  the  in v e r s e  of the  r i g i d  l a t t i c e  T j ,  about  70 s ~ l t
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F ig u re  11: T2 v a l u e s  measured w i th  C a r r - P u r c e l l  sequences of  800
p u l s e s / s  (x) and 267 p u l s e s / s  ( o ) .  The s o l i d  cu rves  are 
gu ides  to  the eye.
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4 .7  OTHER TECHNIQUES
Waugh e t  a l . have developed methods of  measuring motions  in  
s o l i d s  in  which the d e f e a t  of the coheren t  s p i n - s t i r r i n g  by the s to ch as ­
t i c  mot ions  produces l i n e  b roaden ing  of the d i l u t e  sp in  s p ec ie s  (Saw80, 
Rot81) . These exper iments  a r e  done i n  the  p resence  of s p i n - s t i r r i n g  of 
the  abundant  s p i n s ,  w ith  and w i th o u t  magic angle s p in n in g .  These t e c h ­
n iques  use the m a g n e t i z a t i o n  w h i le  i t  i s  p e r p e n d i c u l a r  to  H0 and,  con­
s e q u e n t l y ,  on ly  motions f a s t e r  than  T ^  ( th e  isochromat  width  under 
s p i n - s t i r r i n g )  a re  d e t e c t a b l e .
Another c l o s e l y  r e l a t e d  techn ique  i s  the  th ree  pulse  sequence 
used by Lausch and S p ie s s  (Lau80, Spi80) to  measure s p e c t r a l  d i f f u s i o n  
i n  deu ter ium NMR. The NMR spectrum of deu ter ium i s  a l s o  o r i e n t a t i o n a l l y  
dependent  ( the  o r i e n t a t i o n  of  the e l e c t r i c  f i e l d  g r a d i e n t ,  r a t h e r  than 
the chemical  s h i f t  t e n s o r ) .  The t h r e e - p u l s e  sequence produces  a s inu ­
s o id a l  modula t ion  of  the spectrum (many h o le s )  o f  v a r io u s  p e r i o d s .  This 
modula ted  spectrum i s  s t o r e d  along II0 , so the d e t e c t a b l e  mot ions must 
only  be f a s t e r  than  Tx
4 .8  GLYCEROL CONCLUSIONS
The s p e c t r a l  h o l e -b u r n i n g  exper iment used here  to  study  the mo­
l e c u l a r  motions in  g l y c e r o l  fo l lowed  the m olecu la r  r e o r i e n t a t i o n  r a t e  
from 10“ 2to  10^ s - * f o r  t em pera tu res  j u s t  above Tg . A na lys i s  of 
the  ho le  r e c o v e ry  d a t a  d i r e c t l y  showed t h a t  the mean r e o r i e n t a t i o n  angle 
i n  supe rcoo led  g l y c e r o l  i s  g r e a t e r  than  45 d e g re e s ,  in  agreement w ith  
o th e r  g l y c e r o l  s t u d i e s .  S p e c t r a l  h o l e -b u rn i n g  a l low s  the e n t i r e  r e l a x a -
t i o n  f u n c t i o n  to  be observed ,  u n l i k e  many o t h e r  r e l a x a t i o n  t e c h n iq u e s .  
We found t h a t  th e re  e x i s t s  d i s t r i b u t i o n  of r e o r i e n t a t i o n  t imes in  g ly ­
c e r o l .  The d i s t r i b u t i o n  could be f i t  w ith  the  W i ll iams-Wat ts  d i s t r i b u ­
t i o n  f u n c t i o n ,  us ing  p = 0 . 5  + 0 . 1 ,  f o r  a l l  the tem pera tu res  we s tu d i e d .  
Th i s  i s  in  f a i r  agreement w i th  the wid th  of  the d i s t r i b u t i o n  as deduced 
from d i e l e c t r i c  e xpe r im en t s .
I n  many o rg n ic  s o l i d s  the  d e n s i t y  of  p ro to n s  and carbons  are 
about  the same as in  g l y c e r o l .  So i f  the carbon  l i n e w id th  i s  dominated 
by a n i s o t r o p i c  chemical  s h i f t ,  s p e c t r a l  h o le -b u rn in g  should  be an e x c e l ­
l e n t  t e chn ique  fo r  the s tudy  of  slow m olecu la r  r e o r i e n t a t i o n s .
Chapter  V 
THE CYCLOHEXANOL EXPERIMENT
5.1 BACKGROUND
Cyclohexanol ,  CjHu.011, f r e e z e s  from the  melt  i n t o  a r o t o r  
c r y s t a l ,  a s o l i d  t h a t  p o s s e s s e s  t r a n s l a t i o n a l  order  and o r i e n t a t i o n a l  
d i s o r d e r  accompanied by r a p id  molecu la r  r e o r i e n t a t i o n s  (Tim61) . Like 
many molecule s  t h a t  form r o t o r  c r y s t a l s  ( e . g .  cyclohexane  and adaman- 
t a n e ) ,  cyc lohexanol  i s  g l o b u l a r  i n  shape ( e s p e c i a l l y  i n  i t s  ch a i r  con­
f i g u r a t i o n )  and has a low en t ropy  of f u s i o n ,  0 .7  R (Ada68) . The l a t t i c e  
s t r u c t u r e  of the r o t o r  phase i s  f a c e - c e n t e r e d  cub ic ,  w i th  a l a t t i c e  pa­
ram e te r  of  0 .88  nm and four  molecu les  p e r  u n i t  c e l l  (Gre69a,  Cec80, 
Dun61),
There are two s t a b l e  s o l i d  phases  of cyc lohexanol ,  c r y s t a l  I ,  
the r o t o r  s o l i d ,  and c r y s t a l  I I ,  an o r i e n t a t i o n a l l y  o rde red  phase in  
which the molecu les a re  not  f r e e  to  r o t a t e .  S o l i d  cyc lohexanol  a l s o  has 
s e v e ra l  m e ta s ta b l e  p h a s e s ,  a r e l a t i v e l y  s t a b l e  m o d i f i c a t i o n  I I I  and p r e ­
cu r s o r  phases  I I*  and I I I ' .  The sample t r a n s fo rm s  from I  to  I I  or I I I  
v i a  I I 1 or  I I I ' ,  depending on the  sample’ s the rm al  h i s t o r y  (Ada68).
C r y s t a l  I  i s  s t a b l e  between 299 .1  K and 265.3 K and i s  r e a d i l y  
su p e rco o le d  th rough  the I - I I  t r a n s i t i o n .  The e f f e c t  of  su p e rco o l in g  i s  
t o  slow the m olecu la r  r e o r i e n t a t i o n s  u n t i l ,  a t  150 K (T ) ,  a g l a s s  t r a n -D
s i t i o n  i s  observed in  s p e c i f i c  hea t  measurements.  The s i z e  of the  
s t e p - l i k e  decrease  in  the  s p e c i f i c  hea t  (AC^ = 32 J/mole/K)  a t  the
- 79 -
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g l a s s  t r a n s i t i o n  (Ada68, K e l2 9 ) , i s  somewhat sm al le r  than  t y p i c a l  s tep  
s i z e s  i n  g l a s s y  o rgan ic  l i q u i d s  ( i n  g l y c e r o l  AC = 79 J/mole/K)tr
(G ib 2 3 ) . In  common w i th  o th e r  g l a s s e s ,  the en t ropy of  phase I  does not  
go to ze ro  a t  ze ro  t e m p e ra t u r e .  I n s t e a d  i t  r e t a i n s  a r e s i d u a l  va lue  of 
4 .72  jo u le s /m o le -K  (Ada68). By comparison,  the ordered  phases  I I  and 
I I I  have ze ro  en t ropy  a t  0 K. X-ray  measurements i n d i c a t e  no change i n  
the  long - range  c r y s t a l  s t r u c t u r e  between the  h igh  te m pera tu re  r o t o r  
phase a t  290 K and the  g l a s s y  c r y s t a l  a t  120 K (Cec80, O t s 5 5 ) . Hence, 
the names r o t o r  c r y s t a l ,  supe rcoo le d  r o t o r  c r y s t a l ,  and g l a s s y  c r y s t a l  
a l l  r e f e r  to  the same phase ( I ) .
The p resence  of  the Oil group makes some k ind of  g l a s s  fo rm at ion  
l i k e l y  in  cyc lohexano l .  Many a l c o h o l s  form hydrogen bonding networks 
r e s u l t i n g  in  v i s c o u s  l i q u i d s  and a tendency toward g l a s s  fo rm a t ion  
(Par27) . Indeed ,  l i q u i d  cyc lohexanol  a t  the melt  i s  v i s c o u s .  The g lob­
u l a r  shape of the cyc lohexanol  molecule  l e a d s  to  r o t o r  c r y s t a l  fo rmat ion  
(Tim61) . The combinat ion of  r o t o r  c r y s t a l  fo rm at ion  and g l a s s  fo rm at ion  
te n d e n c ie s  produce a subs tance  t h a t  forms an o r i e n t a t i o n a l  g l a s s  i n  the 
supe rcoo le d  r o t o r  phase .
We note  t h a t  g l a s s y  l i q u i d  cyclohexanol  ( supe rcoo led  l i q u i d )  
has  a l so  been produced (Cec80),  b u t  does n o t  form as r e a d i l y  as the 
g l a s s y  c r y s t a l  ( s u p e rco o le d  r o t o r  c r y s t a l ) .
The r e l a t i o n s h i p  between the  v i s c o s i t y  and the tendency towards 
g l a s s  fo rm at ion  has long been known. The r o t o r  phase of cyclohexanol  
may be thought o f  as r o t a t i o n a l l y  q u i t e  v i s c o u s .  The r o t a t i o n a l  c o r r e ­
l a t i o n  r a t e  in  the  s o l i d  a t  the  melt  i s  -  5 x 108 s- l ( ajf deduced from 
our T i  measurements.  This  i s  q u i t e  low compared to  o th e r  r o t o r  c ry s —
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t a l s  a t  t h e i r  m e l t s  (Bod79),  such as 5 x 10^® s~* i n  cyclohexane (0Re72) 
and 6 .3  x lO*’*’ s~* in  adamantane (Res69) . The com para t ive ly  slow r o t a ­
t i o n s  in  cyclohexanol  in  the warm r o t o r  s o l i d  i n d i c a t e  t h a t  g l a s s y  c r y s ­
t a l  fo rm at ion  i s  l i k e l y .
5 .2  EXPERIMENTAL.
The cyc lohexanol  used in  the se  exper iments  was F i s h e r  re a g e n t  
g rade .  S eve ra l  d i f f e r e n t  samples i n  v a r i o u s  d iamete r  g l a s s  tubes  (13 
mm, 6 mm, 4 mm, I . D . )  were used .  The smal l  d iam ete r  tubes  were used in  
the TXp exper im en t s ,  which r e q u i r e d  h igh  IIX. A l l  the samples were 
exposed to  CaO or  MgS04 and Linde s ieve  number 4 fo r  s e v e r a l  days to  
remove any wate r  (cyc lohexanol  r e a d i l y  absorbs  atmospher ic  w a t e r ) . The 
samples were th e n  s e a l e d  i n t o  tubes  w i th  0 .5  atmosphere of dry N2 g a s .  
Th is  gas a ided therm al c o n t a c t  to  the sample and p rev en ted  a r c i n g  from 
the r f  e l e c t r i c  f i e l d s .  These problems become impor tan t  i n  co ld ,  low 
vapor  p r e s s u r e  samples.  The removal of  t r a c e s  of  w ate r  was recommended 
to  us by P r o f .  II. Suga to i n c re a s e  the m e t a s t a b i l i t y  of  the supercoo led  
cyc lohexanol  I  (Sug81) . Two of the samples were p u r i f i e d  by f r a c t i o n a l  
d i s t i l l a t i o n ,  b u t  a l l  of the  samples gave i d e n t i c a l  r e s u l t s .  One of the 
samples had a small  amount of CaO s e a le d  i n t o  the tube us a permanent 
w ate r  g e t t e r .  Th is  sample tended to  t r a n s fo rm  in t o  o th e r  unwanted phas­
es more r e a d i l y .  Perhaps the CaO p ro v id e d  n u c l e a t i o n  s i t e s  to  s t a r t  the 
phase change.
The 13 mm and 6 mm tubes  co n ta in e d  a thermocouple w e l l ,  a s ec ­
ond s m a l le r  tube w i th  the bottom s e a l e d ,  d ipp ing  i n t o  the c e n t e r  of the 
sample,  A c o p p e r - c o n s t a n t a n  thermocouple a t  the bottom of the well
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measured the  sample t e m p e ra tu r e .  The thermocouple  was used to  conf irm 
t h a t  the sample had not  t ransformed  i n t o  o th e r  phases  (O t s 5 5 ) . The ex­
o thermic  t r a n s f o r m a t i o n  to the  more s t a b l e  phases  was r e a d i l y  seen on a 
c h a r t  r e c o r d e r  connec ted  to  the  thermocouple m i c r o v o l t m e te r .  The low 
tem pera tu re  (T < 100 K) Tt  measurements used a (Lakeshore)  c a r b o n - i n -  
g l a s s  r e s i s t a n c e  thermometer  immersed i n  the f low ing  He gas to  measure 
the  tem pera tu re  of  the sample.
Whenever evidence (abnormally  long T2 or  the thermocouple 
r ead o u t )  sugges ted  t h a t  the sample was t r a n s f o r m i n g ,  the  tem pera tu re  was 
r a i s e d  to  between 285 K and 295 K. The sample was al lowed  to  complete ly  
anneal  and t r an s fo rm  back to  phase I  b e f o r e  i t  was r a p i d l y  cooled to  the 
d e s i r e d  t e m p e ra t u r e .  The c o o l in g  r a t e  was t y p i c a l l y  20 K p e r  minute .
5 .3  RESULTS AND DISCUSSION
The s p i n - s p i n  r e l a x a t i o n  time T2 and the  second moment M2 
a r e  p l o t t e d  i n  F i g s .  12 and 13 along w i t h  il2 de te rm ined  from c o n t in u ­
ous wave methods by Eguchi e t  a l .  (Egu75).  The r e l a x a t i o n  time Ta was
1
de te rm ined  by measuring the t ime fo r  th e  s ig n a l  to  decay to  e -  of  i t s  
maximum am pl i tude .  For low te m p e ra tu r e s  (T < 175 K) a s o l i d  echo 
(90a-T -9 0 9O) was used to avoid  the r e c e i v e r  b lo c k in g  of  the zero 
t ime s i g n a l .  FIDs were used i n  the r e g i o n  of e x t e n s i v e  mot iona l  narrow­
ing (175 K < T < 210 K) because  the s o l i d  echo ampli tude became very  
s m a l l .  FIDs were a l s o  used i n  the r e g i o n  of  the r o t a t i o n a l l y  f u l l y  n a r ­
rowed l i n e  (T > 210 K ) , because the r e c e i v e r  b loc k ing  i s  s h o r t  compared 
t o  Ta . The second moment (Abr78) was de te rm ined  from the second de­
r i v a t i v e  a t  the peaks of  magic echoes and s o l i d  echoes (Low57). Both
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gave r e s u l t s  t h a t  agree w i th  the cont inuous  wave r e s u l t s .  As expec ted ,  
magic echoes cou ld  not  be formed i n  the re g io n  of  e x t e n s iv e  mot ional  
nar rowing (175 K < T < 210 K) because  of the s t o c h a s t i c  modula t ion  of 
the  d i p o l a r  i n t e r a c t i o n s .
We found t h a t  the simple p u lse  sequence fo r  magic echo forma­
t i o n  of  Bowman and Rhim (2 t 0- 9 0 9O) (Bow82) can be improved by­
us ing  the  sequence ( t o “ t i a o “ 90»o) as sugges ted  by R. E.
Norberg (Nor82) . The t imes  x are t y p i c a l l y  25 to  50 ps and the  magic 
echo forms a t  t ime x a f t e r  the 90 degree  p u l s e .  The i n s e r t i o n  of  the 
180 degree  phase s h i f t  e l i m i n a t e s  the r e d u c t i o n  i n  the  echo ampli tude 
due to the  dephas ing of the  m a g n e t i z a t i o n  about an inhomogeneous H*.
I t  a l s o  e l i m i n a t e s  the dependence of the e c h o ' s  phase on the p u lse  
l e n g th  x .  Magic echoes were f i r s t  observed  and ex p la in e d  by Waugh and 
co-workers  (Rhi70,  Rhi71,  P i n 7 2 b ) . The p u l s e  sequence used  here  i s  ac­
t u a l l y  a s i m p l i f i c a t i o n  of  t h e i r  r e v e r s i n g  p u lse  sandwich.
The FIDs and echoes i n  the  r i g i d  l a t t i c e  and in  the  r o t a t i o n a l -  
ly  f u l l y  narrowed r e g io n  ( i . e .  where the l i n e  i s  tem pera tu re  indepen­
d e n t ) ,  could  be f i t  w i th  a s imple g a u s s i a n  a t  a l l  except  long t im es ,  
where a weak ( l e s s  than 5%) Lowe b e a t  a p p e a r s .  In  the r e g io n s  of  sub­
s t a n t i a l  motional  nar rowing the FIDs were ex p o n en t ia l  o u t s id e  the r e ­
c e i v e r  b lo c k in g .
At te m pera tu re s  below 100 K th e  second moment has  reached  i t s  
low tempera ture  l i m i t i n g  va lue  of 27 + 3 G^. This  i s  r e a s o n a b le  f o r  the 
r i g i d  l a t t i c e  second moment of an o rg a n ic  s o l i d .  Indeed ,  Eguchi e t  a l .  
(Egu75) have c a l c u l a t e d  the i n t r a m o l e c u la r  p a r t  of the second moment as 
16 G , averag ing  over  the a x i a l  and e q u a t o r i a l  m olecu la r  confo rm a t ions .
84
Oo o
F ig u re  12: P ro ton  T2 v a lu e s  measured from FIDs (o) and s o l i d  echoes
{•) i n  cyc lohexano l .  The i n c r e a s e  in  T2 around 125 K i s  
e a r l y  narrowing (Tg = 150 10 due to  the J3 mot ion .
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F igu re  13: P ro to n  Ma de te rmined  from s o l i d  echoes <o) and magic
echoes {□).  The Ma v a lu e s  ( x )  a re  from E g u c h i ' s  
con t inuous  wave measurements.  The decrease  in  M2 around 
100 K i s  due to  the  £ mot ion .
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They e s t im a te d  the i n t e r m o l e c u l a r  p a r t  as 8 G2 from p rev ious  cyclohexane 
work (And53). Hence the observed low tem pera tu re  second moment ag rees  
r e a s o n a b ly  with  the p r e d i c t e d  r i g i d  l a t t i c e  value of 24 G2 . V/e conclude 
t h a t ,  below 100 K, a l l  m o lecu la r  r o t a t i o n a l  motions are slower th a n  ~ 
104 s -1  ( th e  NMR r a t e  s c a l e ) .
Between 210 K and 275 K the  observed  second moment i s  a p p ro x i ­
m a te ly  c o n s t a n t ,  1.2 G2 . For the case of r a p i d  m o lecu la r  r o t a t i o n s ,  
w i th  no t r a n s l a t i o n a l  d i f f u s i o n ,  the p ro to n  second moment i s  g iven  by 
<Dmi64):
M* = ( 3 / 5 ) c y 4h2 I ( I + l ) £ ( l / r j . ) 6 ,
IE
where i t  i s  assumed t h a t  a l l  the sp in s  of the molecule a re  l o c a t e d  a t  
i t s  c e n t e r ,  only  l i k e - s p i n  i n t e r a c t i o n s  e x i s t ,  and the  sample i s  a pow­
d e r .  The number of sp in s  per  molecule  c i s  12 fo r  cyc lohexano l .  The 
l a t t i c e  sum over k,  where k i s  the m o lecu la r  index ,  has been e v a lu a te d  
fo r  an fee l a t t i c e  as 115.63 a 0~^, where a0 i s  the l a t t i c e  spac ing  
of  cyc lohexano l ,  0 .88 nm (G re69b) . The above eq u a t io n  g ives  the r o t a -  
t i o n a l l y  averaged second moment as 1 .1  G , i n  r e a s o n a b le  agreement with 
the  observed v a l u e .  I t  shou ld  be noted  t h a t  in  many o rg an ic  p l a s t i c  
c r y s t a l s  the r o t a t i o n a l l y  averaged  p ro to n  second moment i s  approxim ate ly  
1 G2 (Bod79). Since the FID i n  the r o t a t i o n a l l y  averaged  r eg io n  i s  
rough ly  g a u s s ia n ,  the  observed  T2 of  45 ps i s  in  accord  w i th  the ob­
se rved  Ma . Hence the observed  l i n e w i d t h  in  t h i s  r e g io n  i n d i c a t e s  t h a t  
o v e r a l l  mo lecu la r  r o t a t i o n  i s  occur ing  f a s t e r  than  ~ 104 s- *.
Carbon-13 s p e c t r a  a t  20 .85 MHz ( n a t u r a l  abundance) fo r  the l i q ­
u id  a t  T -  304 K and the s o l i d  a t  T = 286 K and 119 K are shown in  F ig .
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F ig u re  14: Carbon-13 s p e c t r a  a t  t h r e e  t e m p e r a t u r e s ,  one l i q u i d  a t  304 K
and two s o l i d  a t  286K and 119 K. The h igh  te m pera tu re  s o l i d  
and the  l i q u i d  s p e c t r a  are i d e n t i c a l ,  - i n d i c a t i n g  f a s t  
o v e r a l l  r o t a t i o n  in  the s o l i d .
1 5 . The peak on the r i g h t  i s  due to  the OH carbon,  the peak  in  the  mid­
d l e  i s  due to  the ca rbons  a d j a c e n t  to  the OH carbon ,  and the  peak on the 
l e f t  i s  due to  the o t h e r  t h r e e  ca rbons .  The s o l i d  spectrum shows the 
r i g i d  l a t t i c e  chemical s h i f t s  t h a t  a re  be ing  averaged by the o v e r a l l  ro­
t a t i o n .  The s p e c t r a  were taken  us ing  23 ms of  coherent  s p i n - s t i r r i n g  
(Meh71) = 80 KHz) and were d i g i t a l l y  f i l t e r e d  w i th  a
L o r e n t z i a n  of 40 Hz FWHM (Fuk81). For the s o l i d  s p e c t r a  Hartmann-Hahn 
c r o s s - p o l a r i z a t i o n  (IIar62,  Pin73) was used to enhance the m agne t iza ­
t i o n .  The c r o s s - p o l a r i z a t i o n  time was 1 .9  ms. A 180 degree  p u lse  was 
p la c e d  650 us a f t e r  the beg inn ing  of  the FID to  r e focus  the  magneti ­
z a t i o n .  The echo peak was f o u r i e r  t ransformed  to  produce the s o l i d  
s p e c t r a .  The l i q u i d  spect rum and the  warm s o l i d  spectrum are  i d e n t i c a l ,  
implying t h a t  the r o t a t i o n a l  m olecu la r  mot ions i n  the h igh  tempera tu re  
s o l i d  are com ple te ly  ave rag ing  the a n i s o t r o p i c  p a r t  of the  chemical 
s h i f t  t e n s o r  f o r  a l l  the carbons  (Spi74a ,  Spi74b) . At h ig h  tem pera tu res  
the  complete ave rag ing  of the  a n i s o t r o p i c  p a r t  of  the chemical  s h i f t  and 
the va lue  of 1 .2  G f o r  the second moment imply t h a t  the molecu le s  are 
undergo ing o v e r a l l  m o lecu la r  r o t a t i o n .  S p e c i f i c a l l y ,  i f  0 i s  the angle 
between the magnetic  f i e l d  and any v e c t o r  f i x e d  i n  the molecu le ,  th e  mo­
l e c u l a r  mot ion  averages  3cos^6 -  1 to  z e r o .  F ree  r o t a t i o n  i s  not  im­
p l i e d ,  the volumes t h a t  a re  swept out  by o v e r a l l  mo lecu la r  r o t a t i o n  i n ­
t e r p e n e t r a t e  (Dun61).
Near the melt  (299 K > T > 275 K) m o lecu la r  t r a n s l a t i o n a l  d i f ­
f u s i o n  i s  r a p i d  enough to  narrow the NMR l i n e .  As T i n c r e a s e s  towards 
the m e l t ,  T2 becomes longe r  and the  second moment goes towards ze ro  
(Egu75) . The p a r t  of  the  i n t e r m o l e c u l a r  i n t e r a c t i o n  which i s  not r o t a ­
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t i o n a l l y  averaged i n  the r o t o r  c r y s t a l  i s  averaged  by tlie t r a n s l a t i o n a l  
d i f f u s i o n .  However, the  e x t e n t  of  narrowing b e fo re  m e l t ing  i s  no t  su f ­
f i c i e n t  to  al low the a c t i v a t i o n  energy fo r  d i f f u s i o n  to be e x t r a c t e d  
from Ta . I n  F ig .  15 the d i p o l a r  s p i n - l a t t i c e  r e l a x a t i o n  time Tj-D 
a l so  shows evidence  of m o lecu la r  t r a n s l a t i o n s  above 245 K. This  i s  the 
s t ro n g  c o l l i s i o n ,  slow mot ion  regime t r e a t e d  by A i l i o n  and S l i c h t e r  
(A i l71 ,  S l i 6 4 ) . The jump time Xj i s  e s s e n t i a l l y  equal  to Tajj he re  
because t h e r e  shou ld  be l i t t l e  s i t e - t o - s i t e  l o c a l  f i e l d  c o r r e l a t i o n .  
S e t t i n g  x • = Tjq  and f i t t i n g  w i th  an A rrhen iu s  e x p re s s io n ,  we f in d  
x0  = 3 .6  x 10 - 1 3  s and (E/k) = 5550 K. This  may be compared with  
the va lue  5000 K f o r  t r a n s l a t i o n a l  a c t i v a t i o n  energy measured i n  c y c l o -  
hexane (Bod76), which m e l t s  a t  280 K. I n  f a c t ,  r a p i d  t r a n s l a t i o n a l  d i f ­
f u s i o n  i s  common n ea r  the m e l t  i n  r o t o r  c r y s t a l s  (Bod79).
The e x i s t e n c e  of t r a n s l a t i o n a l  d i f f u s i o n  in  s o l i d  cyclohexanol  
near  the m e l t  can be r e a d i l y  dem ons t r a ted .  A sample of g l a s s y  c r y s t a l  I  
formed by r a p i d  coo l ing  to  77 K i s  g e n e r a l l y  f u l l  of v i s i b l e  c racks  and 
f r a c t u r e s .  Upon warming to  w i t h i n  two degrees  of the m e l t ing  tempera­
t u r e ,  the  c racks  in  the sample w i l l  d i s a p p e a r  in  minutes  as the sample 
a n n e a l s ,  i n d i c a t i n g  the p resence  of t r a n s l a t i o n a l  d i f f u s i o n .
Both Ta and Ma i n  F i g s .  12 and 13 show the onse t  of mot ion­
a l  na rrowing by 125 K. Narrowing a t  such a low temper tu re  i s  s u r p r i s i n g  
because  the g l a s s  t r a n s i t i o n  tem pera tu re  (150 K) (Ada6 8 ) i s  g e n e r a l l y  
where some im por tan t  r e l a x a t i o n  t ime becomes 1 0 3  s ,  much too slow to 
produce NMR l i n e  nar row ing .  The l i n e  nar rowing below T i s  ev idence  f o r
s
the e x i s t e n c e  of  o th e r  mot ions f a s t e r  than  10-4 s> wi u  r e t u r n  to 
t h e s e  o th e r  motions  l a t e r .
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The r e l a x a t i o n  t ime T2  and the second moment M2  a re  c o n t i n ­
uous f u n c t i o n s  of  t e m p era tu re .  This  i s  i n  accord  w i th  the view from ca~ 
l o r i m e t r i c  (Ada6 8 ) ,  d i e l e c t r i c  (Ada72), and X-ray  exper iments  (Cec80) 
t h a t  the r o t o r  c r y s t a l *  sup e rco o le d  c r y s t a l ,  and g l a s s y  c r y s t a l  a re  a l l  
the  same p h a s e .
The s p i n - l a t t i c e  r e l a x a t i o n  t ime i n  the l a b o r a t o r y  frame was 
measured by the c o n v e n t io n a l ,  s a t u r a t e  -  wait  -  i n s p e c t ,  sequence 
(Blo48) . The s a t u r a t i o n  pu lse  was u s u a l l y  a 400 ps p u lse  which s a t u r a t ­
ed by v i r t u e  of Hx inhomogeneity  and t r a n s v e r s e  r e l a x a t i o n  (T2  i s  
l e s s  than  400 p s ) .  The i n s p e c t i o n  pu lse  was o f t e n  a 90 degree  p u l s e ,  
bu t  sometimes a s o l i d  echo sequence (90o—c-909O) (Low57) was 
used .  The RF f i e l d  s t r e n g t h  was t y p i c a l l y  80 KHz. The r o t a t i n g  frame 
r e l a x a t i o n  t ime T2^ was measured us ing  the  on resonance  s p i n - lo c k in g  
p u l s e  sequence (90o- t 9o) (L0 0 6 6 ) . The d i p o l a r  r e l a x a t i o n  time 
T2q was measured us ing  the J e e n e r  -  B roekae r t  pu lse  sequence 
( 90o- t - 4 5 9o“T -45„) ( J e e 6 7 ) .
For  a l l  te m pera tu re s  and f r e q u e n c i e s  the Tx r eco v e ry  curves  
were ex p o n e n t i a l  over the  f i r s t  decade.  However the TXp and Txp 
decay curves  g e n e r a l l y  e x h i b i t e d  a small amount of  n o n - e x p o n e n t i a l i t y  in 
the f i r s t  decade .  The t imes r e p o r t e d  he re  r e p r e s e n t  in v e rs e  average  r e ­
l a x a t i o n  r a t e s ,  s ince  the r e c o v e r i e s  were f i t  a t  e a r l y  t im es .  The 
s p i n - r e l a x a t i o n  t imes are p l o t t e d  in  F ig .  15 as a f u n c t i o n  of r e c i p r o c a l  
tem p era tu re  f o r  a l l  f r e q u e n c i e s .  Tx and T2jj were measured a t  21 MHz 
down to  5 K and appear in  F i g .  16 as f u n c t i o n s  of  t e m p e ra tu r e .
The most prominent  f e a t u r e  in  F i g .  15 i s  the e x i s t e n c e  of  two 
T i  minima, i n d i c a t i n g  t h a t  two r e l a x a t i o n  mechanisms e x i s t  in  c y c l o -
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hexanol  I .  The minima s h i f t  towards lower te m pera tu re s  a t  lower f r e ­
q u e n c i e s ,  implying t h a t  the minima are due to  th e rm a l ly  a c t i v a t e d  mo­
t i o n s .  The double minimum was a l s o  seen by Eguchi  e t  a l . (Egu75) in  
t h e i r  p ro to n  Tx measurements a t  10 and 30 MHz. They a t t r i b u t e d  the 
double minimum to  a n i s o t r o p i c  o v e r a l l  r o t a t i o n  of the molecu le .  The 
c o r r e l a t i o n  r a t e  f o r  r o t a t i o n  about  the long a x i s  was assumed to  be 
markedly f a s t e r  th a n  about  the o th e r  axes .
Adachi e t  a l . (Ada72) s t u d i e d  the mot ion  o f  the e l e c t r i c  d ipo le  
moment (COH group) i n  cyc lohexanol  u s in g  d i e l e c t r i c  s p ec t ro scopy  a t  f r e ­
quenc ies  between 0 ,01 Hz and 300 KHz. They found two wel l  r e s o lv e d  d i e ­
l e c t r i c  l o s s  p eaks .  The prominent  peak a was a t t r i b u t e d  to  o v e r a l l  
m o lecu la r  r o t a t i o n  and the small  peak p,  500 t imes weaker than  the  a 
peak ,  was c a l l e d  a secondary r e l a x a t i o n .  The weakness of the p peak was 
e x p la in e d  by a t t r i b u t i n g  i t  to Oil group motion of  a s m a l l ' f r a c t i o n  
3%) of  the  m o lecu le s .  P rev ious  d i e l e c t r i c  work a t  h igh  f r e q u e n c i e s  r e ­
p o r t e d  only  one d i e l e c t r i c  l o s s  peak,  the a peak  (Gre69a) .
Motional  minima of Tx occur  when tor "  1 (S l iSO ) ,  where 
w/2ir i s  the  NMR resonance  f requency and r  i s  the  c o r r e l a t i o n  time of 
the mot ion .  The f requency  dependence of the te m pera tu re  of  each Tx 
minimum i s  p l o t t e d  along w i th  d i e l e c t r i c  da ta  of  Adachi e t  a l .  on the 
r e l a x a t i o n  map. F i g .  17 (Ada72) . I n  d e t a i l ,  i t  was assumed t h a t  
w0T = 0 . 6  a t  the Tx minima (m0  = yll0  and H0  i s  the 
Zeeman f i e l d )  and u^ r  = 0 . 5  a t  the T. minima (wx -
r
ylli and Hx i s  the r f  f i e l d )  . These are  r e s u l t s  of s t a n d a r d  r e l a x ­
a t i o n  t h e o r i e s  (Blo48, L0 0 6 6 ) .
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F ig u re  IS:  S p i n - l a t t i c e  r e l a x a t i o n  t imes  a t  v a r io u s  f r e q u e n c i e s .  The
high te m pera tu re  a  minimum ( l e f t )  i s  due to  o v e r a l l  
m olecu la r  r o t a t i o n .  The low tempera tu re  {J minima i s  due to 
r o t a t i o n  of the  cyc lohexyl  r i n g .
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F igure  16: S p i n - l a t t i c e  r e l a x a t i o n  t imes a t  21 MHz and i n  the d i p o l a r
f i e l d s  from 300 to  5 K,
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F ig u re  17: Motional  f r e q u e n c i e s  i n  cyc lohexanol  shown fo r  a m o t i o n ,
our  Tx minima (o) and d i e l e c t r i c  da ta  (x + •  □ & )  (Gre69b, 
Ada72), and f o r  p motion  our Tx da ta  (o) and d i e l e c t r i c  
da t a  (-----) (Ada72).
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I n  the  r e l a x a t i o n  map, F i g .  17,  the  h igh  t e m p e ra tu re  T* m i n i ­
ma f a l l  on a smooth curve a d j a c e n t  to  the a d i e l e c t r i c  l o s s  peaks and 
the  low tem pera tu re  Tx minima f i t  on the P motion cu rve .  Hence the 
two Ti minima are due to  the two motions p r e v io u s l y  observed  d i e l e c ­
t r i c a l l y .  The tem pera tu re  dependence of the c o r r e l a t i o n  t imes  can be
de te rm ined  from the NMR -  d i e l e c t r i c  r e l a x a t i o n  map. The a mot ion has
a VTF o r  WLF te m p era tu re  dependence given by (Wil55)
t (T) = t 0 exp [ ( E / k ) / ( T  -  T0 ) ] ,
where r 0 = 5 .7  x 10-13 s ,  (E /k)  = 1725 K, and T0 = 95 K. The T0
v a lu e  h e re  i s  lower th a n  sugges ted  by the d i e l e c t r i c  w orke rs ,  but  p ro ­
duces a b e t t e r  f i t  to a l l  the d a t a .  The p mot ion  c o r r e l a t i o n  time has 
an A rrhen ius  te m pera tu re  dependence g iven  by
t (T) = Tq exp [ ( E / k ) / t J,
where t 0 = 1 x 10 -*3 s and (E/k) = 2900 K. The c o r r e l a t i o n  time of 
t£e  a motion  e x t r a p o l a t e s  th rough  x = 103 s a t  147 K, near  the  ca lo -  
r i m e t r i c  g l a s s  t e m p era tu re  of 150 K (Ada 6 8 ) .  This  i n d i c a t e s  th a t  the 
f r e e z i n g  out  of the a mot ion  i s  indeed r e s p o n s i b l e  f o r  the g l a s s  t r a n ­
s i t i o n  observed in  the s p e c i f i c  h e a t .  We note the a mot ion  c o r r e l a -
—  1 1t i o n  r a t e  ( t  ) a t  the m e l t  (299 K) i s  5 x 10 s -  . As mentioned p r e ­
v i o u s l y ,  t h i s  i s  slow f o r  a r o t o r  c r y s t a l .
The s u b s t a n t i a l  depth of the low tempera tu re  (p) Tj, minimum 
im p l ie s  the p motion  i s  a l a r g e  motion t h a t  s t r o n g l y  modula tes  the p r o ­
ton  d i p o l a r  i n t e r a c t i o n s .  For the h ig h  f r e q u e n c i e s ,  the  a and p Tj. 
minima are app rox im ate ly  the same dep th .  However we note t h a t  th e se
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minima are not  as deep as s imple r e l a x a t i o n  th e o ry  (BPP) f o r  m olecu la r  
r o t a t i o n  would p r e d i c t .  L a t e r  we w i l l  show t h a t  t h i s  i s  due to d i s t r i ­
b u t i o n s  of  c o r r e l a t i o n  t imes fo r  bo th  the  a  and p m ot ions .  
N e v e r th e l e s s ,  i t  i s  c l e a r  t h a t  both  motions  produce s t ro n g  r e l a x a t i o n  
and must s u b s t a n t i a l l y  modulate the p ro to n  d i p o l a r  i n t e r a c t i o n s .  The 
f r a c t i o n  of the  r o t a t i o n a l l y  ave ragab le  p ro to n  second moment modulated 
by the J3 mot ion  cannot  be deduced from Tz o r  UA, because the r e g io n s  
of  narrowing due to the o and p motions o v e r l a p .  However, a lower 
l i m i t  can be a s s ig n e d  to  the f r a c t i o n  of the second moment t h a t  i s  aver ­
aged by the p motion  by no t ing  t h a t  any of  the narrowing below T musto
be due e n t i r e l y  to the p m ot ion .  From F i g .  13 the e a r l y  nar rowing be­
tween 100 K and 150 K reduces  Ma from 27 G^ to 18 G^. Hence the p mo­
t i o n  modula tes  a t  l e a s t  9 G^  of  the t o t a l  26 G^ t h a t  i s  r o t a t i o n a l l y  av-  
e r a g a b l e .  The a mot ion  w i l l  s t a r t  narrowing the NMR l i n e  when to^
~ 10** s " 1 , from F ig ,  17 t h i s  occurs  a t  167 K. Then from F i g .  13 the 
e a r l y  narrowing (p motion)  modulates 12 G  ^ of the  r o t a t i o n a l l y  averaga­
b l e  second moment. S ince  the p motion modulates such a s u b s t a n t i a l  
f r a c t i o n  of the t o t a l  second moment the  P motion must be a l a rg e  motion 
t h a t  in vo lves  e s s e n t i a l l y  a l l  the  m o le c u le s .  However in  the  d i e l e c t r i c  
s tudy ,  the  p r e l a x a t i o n  peak was weak (Ada72) . Y/e conclude  t h a t  the p 
mot ion  i s  d i e l e c t r i c a l l y  q u i e t .  That  i s  the  p motion l e av es  the perma­
nent  e l e c t r i c  d ip o l e  moment f i x e d  i n  the l a b o r a t o r y  frame.
Any model of  the d i e l e c t r i c a l l y  s i l e n t  p mot ion  must le ave  the 
m o lecu la r  e l e c t r i c  d ip o l e  moment f i x e d  in  space whi le  s u b s t a n t i a l l y  mod­
u l a t i n g  the p ro to n  d i p o l a r  i n t e r a c t i o n s .  The d ip o l e  moment r e s u l t s  p r i ­
m a r i ly  from the COH group and i s  p a r a l l e l  to  n e i t h e r  the CO nor  the OH
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bond,  b u t  i s  rough ly  p e r p e n d i c u l a r  to  the  CO bond i n  the COII p lane 
(IIed77). U n iax ia l  o v e r a l l  mo lecu la r  r o t a t i o n  about an a x i s  p a r a l l e l  
w i th  the e l e c t r i c  d ip o l e  moment would be d i e l e c t r i c a l l y  s i l e n t ,  b u t  t h a t  
seems u n l i k e l y .  I f  the r o t a t i o n  a x i s  passed  th rough  the  COII group,  the 
motion would sweep out  an e x c e s s i v e l y  l a rg e  volume. R o ta t i o n  about an 
a x i s  t h a t  p a s se s  th rough the c e n t e r  of  the r i n g ,  bu t  i s  s t i l l  p a r a l l e l  
to  the e l e c t r i c  d ip o l e  moment, would invo lve  l a rg e  d i sp la cem e n ts  of the 
COII group.  This  i s  u n l i k e l y  in  a hydrogen bonded network .  C h a i r - c h a i r  
and c h a i r - b o a t  i n t e r c o n v e r s i o n s  a l s o  sweep out exc e ss iv e  volumes under 
the  c o n s t r a i n t  of d i e l e c t r i c  s i l e n c e .  The only rea sonab le  mot ion  t h a t  
s im u l ta n e o u s ly  s a t i s f i e s  the r equ i rem en ts  of  d i e l e c t r i c  s i l e n c e  and 
l a r g e  p ro to n  modu la t ions  i s  an i n t e r n a l  r o t a t i o n .  I t  i s  a r o t a t i o n  of  
the cyclohexyl  r in g  about the  CO bond w i th  the COII group h e ld  f i x e d .  
Since t h i s  invo lves  r o t a t i o n  of the g l o b l a r  p a r t  of the  molecule ( the  
r i n g ) ,  and not  the hydrogen-bonding OH group,  t h i s  motion i s  expec ted  to  
be f a s t e r  than  o v e r a l l  m olecu la r  r o t a t i o n  ( r e l a x a t i o n  map, F i g .  17.)  V/e 
do not s p e c u la te  on the s t e p - s i z e  or smoothness of t h i s  r o t a t i o n .
S evera l  f e a t u r e s  of  the Tx d a t a  imply the e x i s t e n c e  of  d i s ­
t r i b u t i o n s  of c o r r e l a t i o n  t imes  of  bo th  the a and j) motions  (She79, 
Noa71) .
i )  The Tx minima a re  not as  deep as expec ted  from r e l a x a t i o n  
t h e o r i e s ,  which assume a s i n g l e  ex p o n e n t i a l  c o r r e l a t i o n  f u n c t i o n .  For 
the  case of  i s o t r o p i c  r o t a t i o n  modulat ing  a 26 G second moment with  an 
e x p o n e n t i a l  c o r r e l a t i o n  f u n c t i o n ,  the minimum value  of Tj. i s  7 .4  ms a t  
21 MHz. I f  one assumes t h a t  the a and p mot ions  modulate equal  f r a c -  
t i o n s  of  the 26 G r o t a t i o n a l l y  ave ragab le  second moment, the minimum
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values  of  Tx a r e  p r e d i c t e d  to be 14.9 ms. The c a l c u l a t e d  tempera tu re  
dependence of Tx for  t h i s  case appears  in. F ig .  18 a long  w i th  the 21 
Mlz d a t a .
The te m pera tu re  dependence of the  a and J3 s i n g l e  c o r r e l a t i o n  
times were t aken  from smooth f i t s  to the  da ta  in  the  r e l a x a t i o n  map. 
F ig .  17 ,  The e x p e r im en ta l  Tx minimum v a l u e s  are l o n g e r  than the  p re ­
d i c t e d  v a lu e s  by a f a c t o r  of ~ 4 . 3 .
i i )  The tempera tu re  dependence o f  the exper im en ta l  Tx i s  
weaker than  p r e d i c t e d  i n  F ig .  18 .  In p a r t i c u l a r  the  slope of  Tx on
the co ld  side of  the p minimum corresponds  to  an a c t i v a t i o n  energy of
760 K, much sm a l l e r  than  the 2900 K from the r e l a x a t i o n  map. S i m i l a r l y ,  
the tem pera tu re  dependence of T Xjj on the  c o ld  s ide  of  the a minimum 
corresponds  to  a local  a c t i v a t i o n  energy ( d ( l n  Tx) / d ( l / T ) )  of  1700 K, 
whereas the  t em pera tu re  dependence in  th e  r e l a x a t i o n  map i s  4300 K. 
Hence, th e  s lopes  on the  cold s i d e s  of b o t h  minima a re  sm al le r  than  ex­
p e c t e d ,  However, the 4300 K s lo p e  of TXq and TXp on the hot  s ide
of the a minimum agrees w i th  the 4300 K te m pera tu re  dependence in  the 
r e l a x a t i o n  map. Thus, i t  appears  tha t  weaker than expec ted  tem pera tu re  
dependences occur  only on the c o l d  s ides  o f  the minima,
i i i )  The f requency dependence of  Tx i s  not  t h a t  expec ted  for
the case  of exponen t ia l  c o r r e l a t i o n  f u n c t i o n s .  On th e  cold s id e  of the
P minimum at  110 K, Tx i s  expec ted  to v a r y  as w0 . The a c t u a l
1 2f requency  dependence i s  m0 * , as  seen i n  F i g .  19.  The TXp v a l ­
ues in F i g .  19 were reduced  by a f a c to r  of 2 . 1  to  b r i n g  them i n t o  ag ree ­
ment w i t h  the Tx v a l u e s .  This f a c t o r  r e f l e c t s  the f a c t  t h a t  a smal le r  
p a r t  of  the d i p o l a r  i n t e r a c t i o n  i s  e f f e c t i v e  in r o t a t i n g  frame r e l a x a -
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F ig u re  18: Comparison between our 21 MHz T d a t a  ( A ) ,  the r e s u l t s  of
BPP r e l a x a t i o n  t h e o ry  (o) (B lo48 ) , and the  r e s u l t s  of C-D 
d i s t r i b u t i o n s  (x) (Noa71), w i th  a = 0.3 f o r  both mot ions .
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F igure  19: Frequency dependence of the s p i n - l a t t i c e  r e l a x a t i o n  t imes a t
110 K. The slope of 1.2 i n d i c a t e s  a d i s t r i b u t i o n  of 
r e l a x a t i o n  t imes .
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t i o n .  The weak f requency  dependence of T* and i n d i c a t e s  a
d i s t r i b u t i o n  of {3 c o r r e l a t i o n  t im es .
The f requency  dependence of the  minimum Tx v a lu e s  a t  
b o th  minima a re  shown in  F i g .  20.  The a Tx minimum v a lu e s  depend 
l i n e a r l y  on w0 or to1# a f t e r  c o r r e c t i o n  of  the Tlp  v a lu e s  by 
the f a c t o r  of  2 , 1 .  This  l i n e a r  dependence i n d i c a t e s  on ly  t h a t  the d i s ­
t r i b u t i o n  of a  c o r r e l a t i o n  t imes has  a t e m pera tu re  independent  lo g a ­
r i t h m i c  w id th .  However the minimum v a lu e s  of Ta a t  the p minimum vary  
0 78as w„ » i n d i c a t i n g  t h a t  the  l o g a r i t h m i c  width  of the d i s t r i b u t i o n  
o f  p c o r r e l a t i o n  t imes becomes l a r g e r  a t  low t e m p e r a t u r e s .  This  i s  a l so  
e v id e n t  i n  F ig .  15, where the p minima appear l e s s  d i s t i n c t  a t  lower 
f r e q u e n c i e s  and t e m p e r a t u r e s .
The above o b s e r v a t i o n s  i n d i c a t e  the e x i s t e n c e  of  d i s t r i b u t i o n s  
of  a and p c o r r e l a t i o n  t i m e s .  Noack (Noa71) has c a l c u l a t e d  Tx f o r  
the case of  a Cole-Davidson (Dav51b) d i s t r i b u t i o n  of c o r r e l a t i o n  t im es .
g ( t )  = ( ( s i n  ajt)/rt) ( t / ( t 0 -  t ) ) a
fo r  t  < v 0
g ( r )  = 0
f o r  t >
us ing  e q u a t io n  36 .  We assumed t h a t  the a  and P mot ions  each modulate 
h a l f  of the 26 ave ra g eab le  moment and have C-D d i s t r i b u t i o n s  of cor­
r e l a t i o n  t im es ,  w i th  a = 0 .3  (a = 1 i s  the  l i m i t  of a s i n g l e  c o r r e l a t i o n  
t ime and a = 0 i s  an i n f i n i t e l y  b ro ad  d i s t r i b u t i o n ) . The r e l a x a t i o n
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F igu re  20: Frequency dependence of the s p i n - l a t t i c e  motional  minima, A
s lope  of 1 .0  i n d i c a t e s  t h a t  the d i s t r i b u t i o n  i s  independent  
of  t e m pera tu re .  The a motion  has a s lope  of 1 . 0  and the P 
has  a s lope of 0 . 7 8 .
map. F ig .  17,  was used to  o b ta in  x 0 v a lu e s  f o r  the two mot ions .  V/e 
note  t h a t  t 0 i s  a t  *ke edge of the d i s t r i b u t i o n  and i t  would have 
been more a p p r o p r i a t e  to  take  t  = a r 0 from F i g .  17.  At each temp­
e r a t u r e ,  Noack 's  r e s u l t s  were used to  compute T4 . The r e s u l t s  appear 
i n  F ig .  18.  The computed minimum Tt  v a lu e s  are now l a r g e r ,  a l though  
s t i l l  sm a l l e r  than  the exper imenta l  v a lues  by a f a c t o r  of 2 . 3 .  The com­
pu te d  t em pera tu re  dependence (a s ide  from a m u l t i p l i c a t i v e  co n s ta n t )  i s  
now in good agreement w i th  the d a t a .  The f requency  dependence of Tx
1 3 19 .a t  110 K i s  <j>o , c l o s e  to  the observed  w0 . P a r t i c u l a r  r e ­
s u l t s  of  the C-D d i s t r i b u t i o n  are t h a t  the co ld  s ide  frequency  depen­
dence i s  m0'*'+a and t h a t  the l o c a l  a c t i v a t i o n  energy  of Tx on the 
co ld  s ide  i s  j u s t  ' a '  t imes  the l o c a l  a c t i v a t i o n  energy d e s c r i b i n g  the 
t em pera tu re  dependence of  t 0 . I t  appea rs  im poss ib le  to  a d j u s t  the 
pa ram e te r s  of our f i t  to  o b t a in  agreement w i th  the minimum Tj va lue  
w h i le  s t i l l  g iv in g  the  c o r r e c t  te m pera tu re  dependence .  The f requency 
and tem pera tu re  dependences of  Tx on the co ld  s ide  of the minimum r e ­
f l e c t  the s h o r t  c o r r e l a t i o n  time t a i l  of  the d i s t r i b u t i o n s .  The minimum 
v a lu e  of  Tx r e f l e c t s  i n s t e a d  the b eh av io r  of the  d i s t r i b u t i o n  near  i t s  
peak .  I t  seems to  us t h a t  a d i f f e r e n t  form of d i s t r i b u t i o n  could give 
b e t t e r  agreement w i th  the d a t a .  N e v e r th e l e s s ,  the  improvement in  f i t  
o b t a in e d  by us ing  the C-D d i s t r i b u t i o n s  dem ons t ra te s  t h a t  the motions in  
c y c lo h e x a n o l - I  do not  have s i n g l e  c o r r e l a t i o n  t i m e s .  The o b s e rv a t io n  
t h a t  the minimum Tx v a lu e s  are 4.3 t imes  longe r  than  p r e d i c t e d  fo r  the 
case of ex p o n e n t i a l  c o r r e l a t i o n  f u n c t i o n s  i n d i c a t e s  t h a t  the d i s t r i b u ­
t i o n s  of c o r r e l a t i o n  t imes  are q u i t e  b road ,  r e g a r d l e s s  of the d e t a i l e d  
shape of  the d i s t r i b u t i o n s .  This  d isagreement i s  in  accord  w i th  the
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d i e l e c t r i c  da ta  on the |J l o s s  peak (F ig .  13 o f  r e f e r e n c e  Ada72.) 
However, t h i s  i s  no t  in  agreement w i th  the a d i e l e c t r i c  l o s s  peak 
d a t a ,  which i s  a t  l e a s t  roughly  d e s c r ib e d  by a s i n g l e  c o r r e l a t i o n  t ime.  
U n f o r tu n a t e ly ,  Cole -Cole  p l o t s  of  the a peak were not  p r e s e n t e d .  This 
may i n d i c a t e  t h a t  the a motion  i s  more nar rowly  d i s t r i b u t e d  than  we 
have proposed ,  b u t  modula tes  a sm a l le r  f r a c t i o n  of  the r o t a t i o n a l l y  av- 
e ra g e a b lc  second moment.
We tu rn  now to the  Tx d a t a  below 100 K. Our f i r s t  measure­
ments were on a sample e v i d e n t l y  con tamina ted  w i th  0 2 . I t s  Tx was 
e s s e n t i a l l y  independent  of t em pera tu re  below 70 K (Fuk81, B lo 4 8 ) . The 
d a t a  in  F i g .  16 r e f e r  to a sample p repa red  by bub b l in g  He gas th rough i t  
to  s t r i p  away the d i s s o lv e d  0 2 . The s u b s t a n t i a l  tempera tu re  depen­
dence of Tx in  F i g .  16 i n d i c a t e s  t h a t  0 2 was n o t  a problem in  t h i s  
sample. The tempera tu re  v a r i a t i o n  of  Tx and Tx^ appear to  be smooth 
c o n t i n u a t i o n s  of the h ighe r  t em pera tu re  d a t a .  The f requency dependence 
can be e x t r a c t e d  c ru d e ly  from the r a t i o  of T2 and TXp, knowing the 
r a t i o  of r e l e v a n t  f r e q u e n c i e s  i s  1650 (21 MHz to  13 KHz = ( 2 n ) - ’*'yIIjj , 
where i s  the l o c a l  f i e l d )  (S Ii61)  . The r a t i o  of Tx/ T Xjj ranges
from 550 a t  60 K t o  140 a t  5 K. This  i n d i c a t e s ,  a l though  only in  a most
2p r e l i m i n a r y  way, a l e s s  th a n  io0 dependence on Tx . F as t  motions
are  n e c e s s a ry  to o b t a in  a Tx f requency  dependence t h a t  i s  weaker than
ti)0 . There fore  t h e r e  e x i s t  some mot ions ,  or  a t a i l  of a d i s t r i b u ­
t i o n  of motional  r a t e s ,  f a s t e r  than  m0 even a t  5 E. Ilowever i t  
would be s u r p r i s i n g  i f  the t a i l  of  the (3 motion c o r r e l a t i o n  time d i s t r i ­
b u t i o n  could  determine T2 a t  5 K. The p o s s i b lo  r o l e  of t u n n e l in g  cen­
t e r s  in  de te rm in ing  Tx a t  low te m pera tu re s  i s  n o t  c l e a r .  These c u r i -
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ous r e s u l t s  ( s h o r t  Tx and weak tem pera tu re  and f requency  dependences 
of  Tx) c a l l  fo r  a more thorough study a t  low te m p e ra tu r e s .
We no te  t h a t  in  d i s o r d e r e d  m a t e r i a l s  the se  reduced te m pera tu re  
and f requency  dependences have been seen b e f o r e .  W als ted t  e t  a l . 
(Wal77) found in  t h e i r  measurements on Na a t  two f r e q u e n c i e s  in  the 
i o n i c  conductor  Na-p alumina,  t h a t  Tx had a weak t e m pera tu re  and f r e ­
quency dependence due to  ion  hopping .  They i n t e r p r e t e d  the se  r e s u l t s  as 
a r i s i n g  from a d i s t r i b u t i o n  of  r e l a x a t i o n  t imes f o r  ion  hopping .  
(B jo rks t ram  e t  a l .  saw the same Tx dependences i s  t h e i r  Na-{J alumina 
work.  They i n t e r p r e t e d  i t  as ev idence  f o r  2-D m o t ion . )  (Bjo81) Stokes  
and A i l i o n ,  i n  t h e i r  s p i n - l a t t i c e  r e l a x a t i o n  (^®F) s tudy  of  the molecu­
l a r  mot ions in  CaF2Cl4 ( 1 , 2 - d i f l u o r o t e t r a c h l o r o e t h a n e ) , ano ther  
r o t o r  c r y s t a l  t h a t  can be s u p e rco o le d ,  found weaker than  expec ted  temp­
e r a t u r e  and f requency  dependences fo r  Tx and TXp (Sto79) . They 
s p e c u la te d  t h a t  the se  e f f e c t s  could be due to a d i s t r i b u t i o n  of r e l a x a ­
t i o n  r a t e s .
5 .4  CYCLOHEXANOL CONCLUSIONS
We f in d  t h a t  the m o lecu la r  motions in  s o l i d  cyc lohexano l ,  a r o ­
t o r  c r y s t a l  t h a t  forms an o r i e n t a t i o n a l  g l a s s  upon su p e rc o o l in g ,  a re  not  
as  s imple as was p r e v i o u s l y  thought  based on exper iments  by X-ray ,  c a l o -  
r i m e t r i c  (Ada68) and d i e l e c t r i c  t e c h n iq u e s  (Ada72). The p rev ious  view 
h e ld  t h a t  a l l  the m o lecu la r  motions  ceased  on l a b o r a t o r y  time s c a l e s  be­
low T (150 K ) . I n s t e a d ,  we f i n d  from p ro to n  NMR t h a t  t h e r e  e x i s t  twoO
im por tan t  r o t a t i o n a l  motions in  the s o l i d  r o t o r  phase one of which ex­
tends  below T g . The complete ave rag ing  seen  by p ro to n  and carbon-13 NMR
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i n  the warm s o l i d  i n d i c a t e s  t h a t  the a mot ion  i s  o v e r a l l  mo lecu la r  r o ­
t a t i o n .  The va lue  of  the sp in  r e l a x a t i o n  t imes  and the  weak d i e l e c t r i c  
l o s s  peak a s s o c i a t e d  w i th  the p motion i n d i c a t e  t h a t  i t  i s  an i n t e r n a l  
r o t a t i o n  of the cyc lohexyl  r i n g  about  the CO bond w i th  the COH group 
h e l d  f i x e d ,  no t  a u n i a x i a l  o v e r a l l  m o lecu la r  r o t a t i o n  as sugges ted  by
o t h e r  NMR workers  (Egu75) . We f i n d  t h a t  even a t  T , where the a r o t a -S
t i o n a l  c o r r e l a t i o n  t ime i s  approx im ate ly  10^ s ,  c o n s id e r a b ly  f a s t e r  mo­
t i o n s  e x i s t  i n  the  g l a s s y  c r y s t a l  as seen from our measurement of  X2
and Ma and the  low v a lu e s  of Tx .
The a and 0 mot ions  each  are d e s c r ib e d  by d i s t r i b u t i o n s  of
c o r r e l a t i o n  t imes  as i n d i c a t e d  by the sha llow Tx minima and the  weak
tem pera tu re  and f requency  dependences of Tx . The d i s t r i b u t i o n  of  p 
c o r r e l a t i o n  t imes  becomes b roader  a t  low t e m p e ra t u r e s ,  so much so t h a t  
the  minimum i n  Tx a t  low f r e q u e n c i e s  a s s o c i a t e d  w i th  the P motion
r
becomes i n d i s t i n c t .
The weak tem pera tu re  dependence of Tx ex tends  from j u s t  below 
Tg down to low t e m p e r a t u r e s .  Th is  i n d i c a t e s  t h a t  t h e r e  are s t i l l  p a r t s  
of  the d i s t r i b u t i o n  of mot ional  r a t e s  f a s t e r  than ~ 1 MHz, even a t  5 
K. The n a tu re  of  the mot ion  r e s p o n s i b l e  f o r  the low te m pera tu re  sp in  
r e l a x a t i o n  i s  no t  known.
Chapter  VI 
CONCLUSIONS
We s tu d i e d  the m o lecu la r  mot ions in  two o rgan ic  g l a s s  fo rmers ,
g ly c e r o l  and c y c lohexano l .  G lyce ro l  i s  a l i q u i d  g l a s s  former ,  the more
c o n v en t io n a l  type of g l a s s .  I t  i s  bo th  o r i e n t a t i o n a l l y  and t r a n s l a t i o n -
a l l y  d i s o r d e r e d .  Cyclohexanol  i s  an o r i e n t a t i o n a l  g l a s s  former ,  t h a t
forms from a r o t o r  c r y s t a l .  I t  p o se s se s  only  o r i e n t a t i o n a l  d i s o r d e r .
The g l y c e r o l  exper im en ts  used the slow motion techn ique  of
s p e c t r a l  h o le -b u rn in g  (Con81), which uses  the  a n i s o t r o p i c  chemical s h i f t
and should  be a p p l i c a b l e  to any NMR l i n e  which i s  inhomogenously b r o a -
13dened by chemical s h i f t  a n i s o t r o p y .  This  in c lu d e s  the C s p e c t r a  of
almost  a l l  o rgan ic  s o l i d s ,  in c lu d in g  many polymers ,  p rov ided  the p ro to n s
a re  s p i n - s t i r r e d .  Following the  ho le  recovery  r e v e a l s  the s t e p - s i z e  of
the  m o lecu la r  r e o r i e n t a t i o n s  of  both  the molecule s  and the f u n c t i o n a l
groups .  This  i s  a more d e t a i l e d  d e s c r i p t i o n  of  the r o t a t i o n a l  motions
th a n  i s  p o s s i b l e  us ing  o t h e r  r e l a x a t i o n  t e c h n iq u e s .
In  the exper iments  on supercoo led  g ly c e r o l  the r e o r i e n t a t i o n
—*2, —1  o  —ir a t e s  were fo l lowed from 10 s to  10 s j u s t  above T . Our d e t e rm i -P
n a t i o n  of  the r e o r i e n t a t i o n  r a t e  f i t  smoothly onto h ighe r  f requency  NHR 
and d i e l e c t r i c  d e t e rm in a t io n s  and e x t r a p o l a t e  th rough 10^ s v e ry  near  
the  c a l o r i m e t r i c  g l a s s  t e r m p e r a t u r e . The mean angu la r  r e o r i e n t a t i o n  was 
found to be l a rg e  angle jumps,  g r e a t e r  than  45 d e g re e s ,  i n  agreement 
w i th  the f i n d i n g s  of the  p rev io u s  workers .
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The experiments  on cyclohexanol  were done us ing conven t iona l  
NMR r e l a x a t i o n  te c h n iq u e s  to  study an i n t e r e s t i n g  form of d i s o r d e r ,  i n ­
t r i n s i c  (unfo rced)  o r i e n t a t i o n a l  d i s o r d e r .
Two r o t a t i o n a l  mot ions were observed ,  one of which f r e e z e s  out 
a t  the g l a s s  t r a n s i t i o n ,  the o th e r  p e r s i s t s  to  w e l l  below T (150 K) .O
The g l a s s in g  motion  was de termined  to  be o v e r a l l  m o lecu la r  r o t a t i o n  from 
the l i q u i d - l i k e  carbon-13 s p e c t r a  i n  the h ig h  te m pera tu re  s o l i d  and from 
the va lue of the p l a t e a u  in  M3 a t  h igh  t e m p e r a t u r e s .  The s u r p r i z i n g  
r e s u l t  was t h a t  any mot ion  p e r s i s t e d  on slow NMR time s c a l e s  (> 100 KHz) 
below T . This accoun ts  f o r  the weak r e l a x a t i o n  peak seen  by the  d i e -a
l e c t r i c  workers ,  who i n t e r p r e t e d  i t  as OH group motion  on a small  f r a c ­
t i o n  of  the  molecu le s  (3%) . Another NMR s tudy  a t t r i b u t e d  t h i s  motion to  
a n i s o t r o p i c  m o lecu la r  r o t a t i o n ,  which would give  l a rg e  d i e l e c t r i c  s i g ­
n a l s .
The mot ions  s tu d i e d  in  bo th  samples had d i s t r i b u t i o n s  of c o r r e ­
l a t i o n  t imes a s i t u a t i o n  common in  d i s o r d e r e d  m a t e r i a l s .  The r ecove ry  
of  h o le s  i n  g l y c e r o l  could be f i t  us ing  the  W i l l i am s-W at ts  f u n c t i o n  w i th  
P ~ 0 . 5 .  The s p i n - l a t t i c e  r e l a x a t i o n  t imes measured in  cyclohexanol  had 
weak tem pera tu re  and fr equency  dependences i n d i c a t i n g  t h e r e  e x i s t  d i s ­
t r i b u t i o n s  of r e l a x a t i o n  t imes f o r  bo th  m ot ions .  The wid th  of these 
d i s t r i b u t i o n s  were found to  be independent  of t em pera tu re  in  g ly c e ro l  
and in  the o v e r a l l  mo lecu la r  r o t a t i o n  i n  cyc lohexano l .  However the log­
a r i t h m i c  wid th  of  the i n t e r n a l  motion i n  cyclohexanol  was found to  in ­
c rea se  fo r  de c re a s in g  t e m p e ra tu r e .  In  f a c t ,  because  of the weak temper­
a t u r e  and f requency dependence even down to  5 K, i t  appears  t h a t  the re  
e x i s t s  a d i s t r i b u t i o n  of  c o r r e l a t i o n  t imes a t  the se  low te m p e ra tu re s .
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That the t a i l  of the  d i s t r i b u t i o n  of  c o r r e l a t i o n  t imes  of the i n t e r n a l  
motion ex tends  to  5 K seems u n l i k e l y ,  perhaps  T3 i s  being i n f l u e n c e d  
by t u n n e l i n g .
The s tudy of m olecu la r  motions in  d i s o r d e r e d  m a t e r i a l s  i s  
f i l l e d  w i th  many in s t a n c e s  of  i n t e r e s t i n g  b e h a v io r  t h a t  w i l l  remain a 
source of f r u i t f u l  s tudy  f o r  y e a r s  to  come, f o r  the e x p e r i m e n t a l i s t ,  the  
t h e o r e t i c i a n  and f o r  i n d u s t r y .
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